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Abstract. 

The paper gives an account of a detailed X-ray analysis of the struc¬ 
ture of dibenzyl crystal. The benzene rings in the molecule are found to 
have a plane hexagonal structure, and’they lie in parallel planes separated 
by about 0 23 A. U. One of the aliphatic carbon atoms in the molecule 
lies in the prolongation of the line L joining the atoms 4 and 1, and the 
other on the line L' joining 4' and 1'. The line joining the two aliphatic 
carbon atoms themselves is found to be inclined at 109.]° to each of the 
above two lines, L and L'. 


1. Introduction. 

In a previous communication 1 was given an analysis of 
the structure of diphenyl by X-ray methods. It was found 
that the benzene rings constituting the molecule have a plane 
hexagonal structure, and the two rings are in the same plane, 
the lines joining the carbon atoms 4 and 1, and 1' and 4', on the 
usual chemical notation, being coincident. More recently Dr. 
Lucy Pickett* has published results of a complete X-ray analysis 

1 ‘ Ind. Jour, Phys.,’ Vol. 7, p. 48 (1982). 

» ■ Nature,’ Vol. 181, p. 618 (1988); ‘ Proo. Roy, Soo.’ A, Vol. 142, p. 888 (1988). 
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of terphenyl (p-diphenyl benzene) and also some preliminary X-ray 
studies on quaterphenyl'(p-diphenyldiphenyl). She finds that 
in these compounds also, the benzene rings have a plane struc¬ 
ture and that the different benzene rings constituting the mole¬ 
cule are in a line and lie in the same plane. 

Diphenyl derivatives of methane, ethane etc., will be of 
interest particularly in reference to the question how the 
introduction of the aliphatic carbon atoms between the two benzene 
rings will affect the disposition of the rings, or the structure 
of the rings themselves. Diphenyl methane is a liquid at 
ordinary temperatures and is not so convenient as diphenyl 
ethane (dibenzyl). The latter compound was therefore selected 
for X-ray studies. The present paper gives an account of the 
X-ray analysis of this crystal by the usual methods. 


2. Earlier Measurements on Dibenzyl Crystal. 

Preliminary X-ray investigations on the dibenzyl crystal have 
been made by Hengstenberg and Mark. 8 They assign it to the 
monoclinic prismatic class with the space-group C 2h 6 (P2i/a). The 

O 

unit cell is, according to them, of dimensions a =12‘82A; b = 
o o 

6"18A; c=7*74A and /3«=116°. (The axial ratios are in agree¬ 
ment with those from goniometric measurements by Boer is, 4 
namely a :b :c=2*0806 :1: 1*2522 ; /3 = 115°54'.) The unit cell 
is found to contain two molecules, the molecules possessing a 
centre of symmetry. In their X-ray measurements the ‘ b ’ axis 
was directly determined from a rotation photograph with the 
help of a Weissenberg camera, but the ‘ c * and * a ’ axes were 
calculated out of reflections from the c (001) and the a (100) 
faces respectively, using the value of ft. 


1 ‘ Ztifc. £. Kryafc./ Vol. 70, p. 292 (1929). The unit cell wag also determined by 
Becker and Rose 1 Zeit. f. Phys.,* Vol. 14, p. 869 (1923). 

* Quoted in troth’s Chemische Krystallographie/ Vol. 5 , p. 191, 
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3. Dibenzyl •Crystal. 

Dibenzyl was crystallised out of acetic ether solution by the 
process of slow evaporation. The crystals grow generally in 
the form of hexagonal plates parallel to the c(001) face and the 
bounding faces are m (110), m! (IlO)' or ic(lll), vo (Ill) and 
<r (20l) or a (100). The long edge of the six-sided plate is 
generally the * b ’ axis. The faces were identified in the usual 
manner by mounting the crystal on a goniometer head, and 
measuring the various interfacial angles. The goniometer head 
carrying the crystal with any desired axis made vertical, is then 
bodily removed and placed on the stirrup of a rotating crystal 
arrangement. Rotation photographs were then taken in a 
cylindrical-film camera of 4 cm. radius by passing X-rays from a 
Shearer tube with copper target run by a transformer. 

Since the c (001) face is well developed, no difficulty was 
experienced in mounting the crystal with its * a ’ or ‘ b ’ axis 
vertical, for the rotation photographs. In order to place the ‘ c 
axis vertical the c (001) plane was first adjusted horizontal and 
then rotated suitably about the ‘ b 1 axis. 

4. The Unit Cell and its Dimensions. 

Three separate rotation photographs about the ‘ a ’, * 6 L 
and ‘ c ’ axes were taken. The axial lengths followed directly 
from the mean £ values of the layer lines in each of the rotation 
photographs, read with the help of Bernal’s 8 chart II. In this 
way the following lengths were found. 

a =12" 65A, b = 6*35A, c=7‘665A and 0=116° (calculated 
from higher orders of reflection from (001), face)'. Taking the 
density of the crystal 6 as 1*11, the number of molecules per 
unit cell comes out as 2‘03, i. e. t 2. The above data regarding 
the unit cell agree with those obtained by Hengstenberg and 
Mark.’ 


5 ‘ Proc. Roy. Soo.’ A, Vol. 113, p. 117 (1937). 
4 * Ind. Jour. Phys.,’ Vol. 8, p. 149 (1933). 
y Loc. cit. 
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5. Indexing the Reflecting Planes and the Determination 

of Space Group. 

In order to decipher the various diffracted spots a few 
oscillation photographs about the ‘ a,' ‘ 6,’ * c * axes were taken 
at intervals of 15° and sometimes of 5°, using a nickel filter to 
monochromatise the X-ray beam. The basal nets were drawn 
from o, h f c oscillations with (i) h* = 0‘243; 0 * = 0*201; a*=90°, 
lii) a* = 0*122; c*=0*201; 0* = 64°, (Hi) a* = 0*122; b* = 0*243 ; 
y* tm 90° and the oscillation diagrams were prepared in the 
manner outlined by Bernal in his paper. The values of £ for 
all possible reflecting planes within the range of oscillation, were 
measured. They were then compared after the appropriate 
magnification of the photographs with those of the diffracted 
spots as read directly from Bernal’s chart II and thereby the 
planes were assigned. There is found to be a good agreement 
between the calculated and the observed values. 

The reflecting planes ascertained in this way are embodied 
in Table I, where the intensities of the diffracted spots are also 
indicated. 

From Table I, it appears that all planes of the type {hOl} are 
absent if h is odd as well as those of the type {0/cO} if k is odd. 
These two halvings assign the dibenzyl crystal to the space 
group Cl* (P2 x /a) . 

6. Integrated Intensities of Reflection and the Observ ed 

Structure-Factor. 

Crystals were made to oscillate by means of a cam arrange¬ 
ment. For intensity measurements a fairly thin and small 
crystal was completely bathed in the X-ray beam and oscillation 
photographs were taken through a nickel filter. The spots which 
appeared as sharp lines and which could be uniquely ascertained, 
were microphotometered. A blackness scale for the X-ray tube 
used, was prepared. From the blackness scale (calibration 
curve), the peak value of the intensity for the spots microphoto¬ 
metered, was obtained. The intensity of any peak multiplied 
by ; its width gives a relative estimate of the integrated intensity. 
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Rotation Photographs of Dibenzyl. 


F 'S- 5. 
Rotation 
about ‘a’ axis. 


Fig. 6. 
Rotation 
about 75' axis 


Fig. 7. 
Rotation 
about V' axis. 
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Table I. 


Axial planes. 

Prism planes. 

General planes. 

001 («.) 

Oil ( v.t.) 

Ill (m.) 

632 (to.) 

002 (m.) 

012 (m.) 

121 (to.m.) 

612 (o.) 

003 (o.to.) 

013 (to.) 

121 (m.) 

613 (to.) 

004 (to.) 

014 (to.) 

U2 (».) 

6ll (tn.) 

005 (o.to.) 

021 (tn.) 

114 (o.to.) 

612 (to.) 

200 (».«.) 

201 (o.s.) 

115 (o.to.) 

632 (to.) 

400 (to.) 

201 (o.) 

211 (o.s,) 

631 (o.to.) 

600 (w.) 

202 (m.) 

212 («.) 

661 (o.to.) 

800 (o.to.) 

203 (to.m.) 

213 (o.to.) 

713 (o.to.) 

020 (to.m.) 

205 (o.to.) 

215 (o.to.) 

712 (o.to.) 

040 (o.to.) 

401 (to.) 

223 (tn.) 

72l (to.) 


40l (to.) 

214 (o.to.) 

722 (o.to.) 


402 (o.to.) 

213 (to.) 

851 (o.to.) 


404 (to.) 

3ll (o.to.) 

832 (o.to.) 


60f (o.to.) 

312 (to.) 

833 (to.) 


603 (to.) 

323 (m.) 

841 (o.to.) 


604 (to.) 

313 (m.) 

832 (o.to.) 


110 (tn.) 

411 (m.) 

842 (to.) 


120 (to.) 

412 (m.) 

852 (o.to.) 


140 (to.) 

411 (o.to.) 

941 (o.to.) 


810 («.) 

421 (to.m.) 

952 (o.to.) 


820 (to.) 

423 (to.) 



410 (to.) 

422 (to.) 



420 (m.) 

413 (to.ro .> 



610 (*.) 

513 (to\ 



620 (to.) 

515 (o .to). 



780 (o.to.) 




740 (o.to,) 




The symbols used have the following meanings 
o.i. very strong* o. strong* m medium* to.m. weak medium, to, weak* e.to. very weak. 
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It should be remarked Here that in calculating the inte¬ 
grated intensity due attention was paid to the structure of the 
lines in the microphotometer curves. The same procedure was 
repeated with another small crystal and the average of the 
integrated intensities was taken. 

With the integrated intensities thus found, the relative 
molecular structure-factors were calculated with the help of the 
formula 

F _ / ein 2 8 (1 + cos 2 26j) x P 
F t » sin 20j (1 + cos 2 20)xP 1 ’ 

where F is the molecular structure-factor for the plane in 
question, 

6 is the glancing angle for the plane, 

P is the integrated intensity. 

The terms with suffix 1 refer to reflection {001}. 


Table II. 


Planes. 

Integrated 

Intensity. 

Molecular 

Structure-factor 

observed. 

Molecular 
Structure-factor 
calculated. 

001 

16 

1 

1 

002 

12 

i 

1*26 

1-47 

003 

1 

•46 

•26 

004 

2*6 

•89 

•69 

006 

1 

•66 

•4 

200 

84 

2-3 

31 

Oil 

100 

3-0 

2*3 

012 

8 

111 

1-69 

121 

8 

*71 

•43 

Il2 

16 

121 

*96 

111 

12 

112 

*96 

114 

2 

•87 

*69 






STRUCTURE OP DIBENZYL 


7 


Table III. 


Planes. 

Remarks on 
Intensity. 

Molecular 

Structure-factor 

observed. 

Molecular 

Structure-factor 

calculated. 

110 

medium 

1-06 

*76 

120 

weak 

*62 

•28 

020 

weak medium 

•86 

*63 

040 

very weak 

•69 

*32 

600 

weak 

1*89 

1*72 

021 

medium 

1*43 

1*66 

410 

weak 

•6 

•28 

400 

weak 

•7 

•78 

401 

weak 

2*96 

2*67 

201 

very strong 

1*82 

1*99 


weak medium 

1*14 

•78 

201 

strong 

1*75 

1*28 

610 

strong 

1*82 

1-61 

790 

very*weak 

•22 

•1 

740 

very weak 

•26 

•21 

121 

medium 

1*16 

111 


In Table II only those planes whose intensities were measur¬ 
ed, are given. In Table III, the intensities!were recorded by eye- 
estimation and comparison. So in the second column remarks 
on intensity are given. In each case, the integrated intensity 
of the {011} reflection is taken as 100 and other reflections 
are expressed in terms of it. In the third and the fourth 
column, the structure-factor of {001} reflection is taken as 
unity. 

The process of analysis in all structure determinations 
involves the comparison of the calculated structure-factor with 
the observed structure-factor. The observed structure-factor 
is computed from the integrated intensities^ as measured, of the 
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spots. The calculated structure-factor follows from the positions 
of the atoms in a particular molecular configuration tentatively 
assumed in conformity with the symmetry of the space-group^ 
The method employed in the present case is the method of trial 
and error. 

7. A priori Considerations regarding the Structure 
of the Molecule. 

The dibenzyl crystal has two molecules in the unit cell and 
belongs to the space-group C^. This space-group requires four 
asymmetric crystal units for the unit cell, and so each crystal 
unit here is one-half of the chemical molecule, i.e., the molecule 
has a centre of symmetry. Let us now consider the possible 
configurations for the molecule consistent with its having a 
centre of symmetry. In the first place, as has been mentioned 
in the introduction, the benzene rings in diphenyl and terphenyl 
molecules are now known definitely to have a plane hexagonal 
structure. It is, therefore, very probable that in dibenzyl as well, 
the benzene rings are planar hexagons. The C — C distance in the 

O 

hexagon can be taken to be 1*41 A. 8 (In the later parts of this 
section the planes of two benzene rings in the molecule will be 
called for brevity P and P' respectively.) We can further 
assume that the carbon atom A lies on the prolongation of the 
line joining the carbon atoms 4 and 1 and similarly A' lies on 
the line 4' and 1'. (See Fig. 2.) For brevity again, we shall 
call these lines joining 4, 1, A and A', 1', 4' as L and L' res¬ 
pectively. The distance between A and 1 or A! and 1' may be 
taken to be the same as between the atoms 1 and 1' in diphenyl, 

O 

namely 1*48 A. Similarly, the A to A' distance may be assumed 
to be the same as the C—C distance in diamond or in the 

O 

aliphatic compounds, i.e., it lies within the range, 1*54 A 
to 1*48 A. 


* Robertson—‘ Proc. Roy. Soo.,’ A, Vol. 140, p, 94 (1933). 
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Consistent with the centre of symmetry of the molecule, only 
the following relative orientations of the planes P and P' and 
the lengths L and L' of the two benzene rings in the molecule 
are possible. 

Case I:—P and P' are coincident:— 

(a) L and L' are also coincident. 

(b) L and L' are parallel to each other, but are not 

coincident. 

Case II:—P and P' are parallel to each other, but are not 
coincident. 

Before proceeding to find which of these structures re¬ 
presents the actual molecule, we shall describe how the structure- 
factors can be calculated for a given orientation of the molecules 
in the unit cell, so as to be able to compare the value of the 
structure-factor for any proposed orientation^ with its experi¬ 
mental value. 


8. The Atomic Parameters and the Calculation 
of the Structure-Factor. 

Suppose that Mj and M 2 are the two molecules in the unit 
cell of the substance in question. The molecule M i is placed 
with its centre of symmetry at the origin of reference (taking 
any lattice point of the unit cell as origin) and the other molecule 
M a with its centre of symmetry at $a, \b, 0. The molecule M, 
is first ' jz-dced with its plane coincident with the c (001) plane 
of the unit cell and then brought to the correct position by the 
following successive rotations :— 

(i) through an angle X about the ‘a’axis with the direc¬ 
tion * c ’ to * b ’ taken as positive ; 

(ii) through an angle /a about the ‘6’axis with the direc¬ 
tion r a ’ to ‘ c ’ taken as positive ; 


2 
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(Hi) through an angle v about the normal to the plane 
containing the ‘b' axis and the length of the molecule 
after rotations (t) and (it) have been performed. 

As M 2 is derived from M x by a glide plane reflection it 
would have rotations of —X, /x and —v respectively. 

To start with, a rectangular system of axes was adopted 
and the final co-ordinates of the atoms of the molecule after the 
successive rotations, were obtained in terms of them. They 
were afterwards changed to the oblique system of axes. In the 
dibenzyl crystal the positions of the atoms in only one half of 
the chemical molecule would have to be determined ; that is, it 
is required to find out here 21 parameters only. 

Let * a,' ‘ b,’ * c' be the axes of the unit cell—‘ b ’ axis 
lying in the plane of the paper and ‘ a,’ ‘ c ’ lying in a perpendi¬ 
cular plane with an angle /3 between them. Draw c in the 
plane containing * a ’ and ‘ c ’ but at right angles to ‘ a ’ so that 
the angle included between * c ’ and c is a. (See fig. 1.) 


c 



/ 


Pig. 1. 
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As we shall see in the next section, 0, and in this case, 
if x , y, z are the co-ordinates of any atom in M u and X lz Yi and 
Zi the final co-ordinates of the same atom after rotations (i) and 
(ii) have been made, we have 

X x cos fi + y sin A sin /x - z cos A sin fx 

Yx =2 sin A-f-y cos A 

Zx = # sin /a — 2 / ^ cos # cos A cos jx 

Xj, Y u Zj are then changed to axial co-ordinates X, Y, Z by the 
the use of the relations 


X—Xx + Z] tan a 

Y=Y t 

Z = Z| sec a, 

X, Y, Z being of course "expressed in terms of the respective 
axial lengths. 

The structure-factor of the molecule is then calculated from 
the simplified form of the expression for the space group Cj ft 
containing two molecules, which is given as 

F.-4SF. cos 2„ ( bo. 2. ■*§£ . 

when h + k is even: 

F TO =4SE e sin 2ir ^ ~~ + ^r') sin 2ir 

when h + k ib odd: 

the summation extending over one crystal unit. F c represents 
the scattering power of carbon which is obtained from the curve 
of graphite constructed by Mrs. Lonsdale. 9 


• ‘ Proc. Roy, Soc.,’ A, Vol. 183, p. 494 (1929). 
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9. Structure of Dibenzyl. 

Values of X, ft and v :—The orientations of the benzene 
rings of the dibenzyl molecule have been determined by Iirishnan 
and Banerjee 10 by the magnetic method. By a correlation of 
the principal magnetic susceptibilities of the crystal with those 
of the molecules they have shown that the line containing the 
carbon atoms 4, 1 and A and the one containing A', 1' and 4' 
lie in the b (010) plane in the obtuse angle /3, inclined at 32°. 0 
to the fl-axis and at 83°‘9 to the c-axis. The planes of the 
benzene rings of the two molecules in the unit cell are shown 
by them to be inclined at +60° and — 60° respectively to the 
6(010) plane. These values given by Iirishnan and Banerjee 
correspond in our notation to X=30°, /x=32° and v = 0. We 
shall adopt these values for X and /x in our preliminary trials 
and vary the other parameters and then find how far any varia¬ 
tion of the orientations themselves affect the agreement between 
the calculated and the observed structure-factors. 



10 • Phil. Trans.,’ A, Vol. 231, p. 235 (1933). 
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We can now find out which of the possible structures for 
the molecule given at the end of section 7 conforms to the 
actual one. Let us consider the simplest configuration, viz., 
that corresponding to Case I (a) (see Sec. 7), where the planes 
of the two benzene rings and also their lengths coincide. All 
the carbon atoms will lie in a plane in the positions indicated 
in figure 2. 

The calculated structure-factors for some of the planes are 
given in the Table IV. It is clear from the Table that there is 
no agreement at all between the calculated and the observed 
structure-factors, so that this configuration is not tenable. 

Table IV. 


Planes. 

A—A' = 1*48A 

A—1=*1‘48A 

Fh k i 

A —A' = 1’54A 

A—1 =1‘48A 
F hkl 

i 

A —A' = 1*54A 

A —1 =1*64 A 
F kkt 

Observed 

molecular 

structure-factor. 

001 

[ 

1 

1 

1 

1 

002 

35-44 

14*44 

3-80 

1*20 

003 

2*72 

•67 

•07 

*45 

004 

20’4l 

8*2 

2-01 

*89 

005 

11-11 

4*63 

1 41 

*66 

200 

47*76 

1871 

4*74 

2*3 

Oil 

10*08 

4*46 

1*43 

3*08 


We may next try the alternative configuration correspond¬ 
ing to Case I (b), in which the planes of the two benzene 
rings are identical,^ but the lines L and L' instead of being coin¬ 
cident are parallel to each other. The line AA' joining the two 
aliphatic carbon atoms will now be inclined to both L and L'. The 
value of this angle would naturally be the tetrahedral valency 
angle of the aliphatic carbon atom, viz., 109£°. The positions 
of the atoms under these assumptions will be a3 shown in fig.3. 
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Fig. 3. 

All the carbon atoms lie in the plane and the angles 1' A' A and 
A' A 1 will be each 109^°. When initially the molecule is 
placed parallel to the c (001) plane (before the rotations through 
angless X and p. about the ‘a’ and *b’ axes respectively are made) 
the orientations of the line A A' and of the lines L and L' with 
reference to the positive directions of the ‘b' and ‘ a ’ axes are 
taken to be as indicated in fig. 3. 

The calculated structure-factors for this case are given in 
Table V. The calculated values are much closer to the experi¬ 
mental values of the structure-factor than in Case I (a) consi¬ 
dered in the previous paragraph. The agreement, however, is 
still far from satisfactory. The deviations are consistently in 
one direction, the calculated values being uniformly higher. 
Since neither (a)’ nor (b) of Case I fits, we can conclude that 
the two benzene rings cannot lie in the same plane. 

If they are not in the same plane, we have to consider the 
various configurations obtained by allowing the line A' A (see 
fig. 3) to describe a cone about the ‘a’ axis of semi-vertical angle 
(180°-109^°) that is 70|°, the planes of the benzene rings remain¬ 
ing all the time parallel to the plane of the paper (the plane 
of the paper would correspond to the c(001) plane in the initial 
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position of the molecule). In the process of this rotation of OA 
about the V axis, the x co-ordinate (using the system of co-ordi¬ 
nate axes as defined earlier) will naturally remain unaltered, 
while the y and z co-ordinates will continually vary, y 2 + z 2 being 
constant. When the point A lies in the plane of the paper z 
will be zero, while, when the point A has reached its maximum 
height above the plane of the paper, y will be zero. Starting 
from the plane of the paper, as OA rotates, the ratio z/y will 
increase from zero to infinity. For any given value of z/y the 
co-ordinates of all the other carbon atoms can be easily calculated; 
whence using the values of X, p and v given already, the 
structure-factors of reflections can be calculated also. The cal¬ 
culated structure-factors for various values of z/y of the point A 
are given in Table V. Any given value of z/y uniquely deter¬ 
mines the height of the plane of the first ring (123456) above 
the plane of the paper, and consequently of the second ring 
(1'2'3'4'5'6') below it. 


Table V. 




« l* 

* A 

F 

-=-* 

»A 

Ffc & i 

Z A 

— =-4 

»A 1 

Z A 

r:~> 

Fkki 

EH 

Z A 

hT m 

Pm 

Observed 

molecular 

structure* 

factor. 

001 

1 

1 

1 

1 

1 

i 

1 

1 

002 

3‘7 

1*8 

1*5 

1*26 

*94 

•39 

•62 

1*26 

003 

*13 

*25 

*27 

*29 

*31 

•33 

*82 

*45 

004 

2*0 

*93 

*7 

*56 

•87 

•02 

1 

*89 

005 

*81 

*62 

•4 

*32 

*21 

•001 

*06 

*66 

200 

7*6 

3*88 

317 

2*69 

21 

1*08 

1*29 

23 

012 

8*99 

2*02 

1*64 

1-38 

106 

•44 

*38 

111 

114 

rss 

•71 

*45 

*5 

•89 

11 

17 

•87 
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Table .VI. 


Planes. 

Observed molecular 
structure-factor 

A-1-1-48A 

A-A'-im 

ZOA1-109 0 

Fkhi 

: 7«. i 
sS fe 

Oil 

308 

1*97 

2*3 

114 

•87 

•5 

•6 

111 

112 

•81 

*97 

001 

1 

1 

1 


The molecular structure-factors included in Table V are all 

o 

calculated by taking the C—C distance in the ring as 1’42A, the 

o 

aliphatic G — G distance (AOA ini Fig. 3) as 1'54A and the dis¬ 
tance between the carbon atoms at A and 1 or between A' and T 

O 

as 1*48A. These were next altered and we get the best agree- 

o 

ment when the aliphatic G—G distance in the ring is 1‘50A and 

o 

the length A to 1 is 1'48A. The results of the variation are 
shown in Tables VI and VII. 


Table VII. 


Planes, 

Observed molecular 
structure-factor 

A —1==1*5A° 

A-A' = 1*6A 
Z0A1=109J° 

Fk k i 

A—1 = 1'48A 

A-A'=r5A 

Z0A1~109} # 

Fski 

Oil 

3*08 

2*0 

2*3 

114 

•87 

•56 

•6 

111 

112 

*88 

•96 

001 

1 

1 

1 


In Tables VI and VII only those planes which are much 
affected by changing the lengths of the carbon bonds outside the 
rings, are entered. 
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It is seen from Table V that for ——=0, : the calculated 

V A 

z a 

values are uniformly too high, and for —— = oc they are too 

y A 

low. The best fit obtains for the configuration corresponding to 

2 A 1 / _ \ 

r— =»— -g. Now 0A ^ is half of the distance 

A o o 

between A and A', £xl‘5A or 0’75A. The above value 
of zjy k adopted, viz., —corresponds to 2 — 0*12 A.U., i.e., 

the plane of the two benzene rings are separated from each other 

o 

by a distance equal to 0*23A. 

The agreement between the observed and the calculated 
structure-factors for this case shows that the assumptions with 
which we started, regarding the plane hexagonal structure of 
the benzene ring and its dimensions, as well as regarding the 
values of X, /x and v, which define the orientations of the benzene 
rings in the lattice, are justified. In any case,, the actual struc¬ 
ture cannot be far from that finally arrived at here. 

In order, however, further to confirm the above values that 
were adopted for X and /*, slight variations of these angles from 
the values chosen were tried A and as will be seen from the graphs 
given ini Fig. 4., and Fig. 4a the new values weaken the agree¬ 
ment between the observed and the calculated structure-factors. 

The first two curves give the experimental and theoretical 
values respectively of the structure-factors and the latter con¬ 
forms to the former as best as possible. The four other curves 
that follow, are drawn by changing X or /x with the values noted 
against them. 


10. Conclusion. 

We may here sum up the final results obtained for the 
structure of dibenzyl. Considering, first, the* molecule, the 
6 carbon atoms of each benzene ring form a regular hexagon. 
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The aliphatic carbon atom A (see Fig. 3) lies on the prolongation 
of the line joining the atoms 4 and 1, and the other A' on the 
line joining 4' and 1'. The line AOA' makes with either of the 
above lines (viz., 4 1 and 4' 1')’, an angle of 109^°. Further, 
the two benzene rings do not lie in the same plane, but in parallel 
planes slightly separated from each other. Thus in Fig. 3, 
all the carbon atoms on the right-hand side of OY may be sup¬ 
posed to be raised above the plane of the paper by about 0*12A 
and all the atoms on the left side to be pushed below the plane 
by the same distance. 

In order to define the orientations of the molecules, con¬ 
sider in Fig. 3 the two perpendicular axes OX and OY lying 
in the plane of the paper, and fixed to the molecule. It is found 
that the OX axes of both the molecules in the unit cell lie in 
the b (010) plane in the obtuse angle /3, making an angle of 32° 
with the ‘ a ’ axis (and 84° with the ‘ c ’ axis). The OY axes of 
the two molecules are inclined at plus and minus 60° respectively 
to the b (010) plane. 

The author desires to express his grateful thanks to Prof. 
K. S. Krishnan, D.Sc., for the keen interest he took throughout 
the course of the work. 


210, Bowbazar Street, 
Calcutta, 12th junb, 1984. 
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On Some Considerations of Sputtering Applied to 
Purification of Mercury by Electric Arc Still 

By 

E. 3L Cowsik, M.Sc. 

(Received for publication, October 10, 1933.) 

Mercury is generally found impure as a result of amal¬ 
gamation with dissolvable impurities like Cd, Zn, Ag, Cu, Pb, 
etc. In such cases it is usual to prescribe a simple distilla¬ 
tion of the alloyed mercury to get the pure mercury. To 
facilitate the process various are the stills used. Fig. 1 illus¬ 
trates a directly gas-heated still and Fig. 2 illustrates an arc 
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still as has been described by H. P. L Waran in Phil. Mag., Vol. 
2, pp. 317*320,1926. 

In both cases the mercury is given the usual preliminary 
process of cleaning. The curious fact to note however is 
that in suoh attempts to get pure distilled mercury, the aro 
distilled mercury seems to be less pure than the simple gas 
heated and distilled mercury. 

This point appeared surprising and worthy of further 
examination and hence a complete study of the methods of 
purification of mercury so as to be in a position to trace the 
origin of the impurities finally found associated with the arc 
distilled mercury, was undertaken. 

The methods of cleaning mercury generally suitable for 
laboratory purposes may be classified as under:— 

Mechanical separation of undissolved impurities. 

Methods of oxidation and reduction of the impurities. 

Treatment with mercurous nitrate solution. 

Distillation at low pressure and in vacuo. 

None of these processes is complete in itself and to 
get very pure mercury it is necessary to treat the mercury 
under all the processes. The first and foremost operation 
is to remove all the undissolved and free impurities from it 
by some mechanical process. The most suitable of all the 
methods is to squeeze it through folds of clean chamois 
leather or fine muslin. 

In any chemical method of cleaning mercury the chemioal 
reagent must come in contact with a large surface of the 
mercury. But if the meroury is contaminated with grease 
or oil the thin layer of grease or oil on the surface of the 
meroury will prevent the mercury reacting with the ohemical 
reagent. Hence it is necessary to free the meroury from oil 
or grease. For this purpose a concentrated solution of KOH 
has been found to be the most suitable. Caustic potash is 
without action on mercury and yet removes grease efficiently. 
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.Yet another advantage in using caustic potash to remove 
grease is that, metallic impurities like Zn, Pb, and Sn are 
acted upon by KOH and these impurities go into solution 
leaving mercury pure. 

After cleaning it with caustic potash it is necessary to 
dean it by treating it with a concentrated solution of mer¬ 
curous nitrate acidified with dilute HN0 3 . This is done by 
making mercury fall in the form of a fine spray through mer¬ 
curous nitrate solution. As this process has to be repeated a 
number of times to make the reaction of the mercury with 
mercurous nitrate complete it is necessary to devise an 
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apparatus in which the mercury repeatedly circulates auto¬ 
matically in the form of a fine spray through the mercurous 
nitrate solution, over and over again. This can easily be 
achieved by an apparatus of the automatic type illustrated 
in Pig. 3. This has been found to work very satisfactorily. 

R is a reservoir of mercury f" in diameter and 80 cms. 
long. There is a glass stop-cock (which must not be greased)] 
at the bottom of this reservoir and by adjusting the tap the 
flow of mercury through the glass jet into the funnel F can 
be controlled. From the funnel F mercury in the form of a 
fine spray falls through the tube T which is f" in diameter 
and 80 cms. long and contains a concentrated solution of 
mercurous nitrate acidified with dilute HNO,. This height 
of solution is kept balanced by a small quantity of mercury 
in the bent tube B which is connected by means of a narrow 
tube L, 2 mm. in diameter, to the top of the reservoir R. It 
is necessary that this tube must not be greater than 2 mm. in 
diameter as otherwise the mercury pellet will be broken up 
before it reaches the height of the tube. The top of this 
reservoir R is also connected by means of a pinch cock T< 
and rubber tubing to a filter pump. At the end of the bent 
tube B there is a small bulb blown in the tube li to which is 
attached a side tube V open to the atmosphere. This tube 
is provided with a rubber tube and pinch cock T 8 . The level 
of mercury in the bent tube must just stand near the side 
tube Y without closing it. The whole apparatus is firmly 
clamped to a vertical wooden board fixed to the wall. 

Working of the apparatus :—To begin with, the glass 
stoppers Ti and T 2 are completely closed. The pinch cock 
T 4 is completely opened and the rubber tube 0 is connected 
to the filter pump which is worked. Mercury that has been 
freed from suspended impurities by a preliminary filtration 
is poured in the funnel F. Mercury falls in a fine spray 
through the mercurous nitrate solution in tube T. The 
pinch cock T, is kept partially open when the mercury in the 
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bint tube B rises in the limb L and closes the side tube V, the 
filter pump sucks a vacuum above it and the atmospheric pres¬ 
sure acting below the pellet of mercury carries it up the narrow 
tube L and drops into the reservoir R. Mercury is allowed 
to accumulate in the reservoir to about three-fourth of its 
height and then the tap T x is slightly opened and the rate 
of flow of mercury from the reservoir to the funnel adjusted 
so that the rate is not at least greater than the rate of flow 
of mercury from the funnel into the tube T containing the 
mercurous nitrate solution. When once this is adjusted the 
whole process is continuous and automatic. 

It is advisable to have a small column of distilled water 
above the mercury in the reservoir. Mercury after passing 
through the mercurous nitrate solution is contaminated with 
the solution and hence it is necessary to wash it before it 
goes into the reservoir. By having water above the mercury 
in the reservoir, the mercury pellets that are carried up the 
vertical tube L’ will fall through the column of water before 
reaching the mercury in the reservoir. The water could be 
got above the level of mercury in the reservoir by dipping 
the nozzle T 8 in a very small quantity of water held in a 
beaker while the apparatus is working. 

The apparatus is very easy to clean. All the mercurous 
nitrate solution is tapped off through the stop cock T a and 
the dean mercury from the jet by opening the stop cock T lt 
Water is made to circulate through the whole system by dipping 
the nozzle T 8 in clean water held in a beaker. The dirty 
water is drawn off through the nozzle and fresh water is 
made to circulate again three or four times. It is essential 
to keep the apparatus clean like this when not in use. 

An apparatus of this type set up in the Presidency 
College, Physics Laboratory at Madras is working very 
satisfactorily for the past one year and with very little care, 
yielding about 5 lbs. of clean mercury in about 6 hours during 

4 
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which time the mercury falls through the mercurous nitrate 
solution at least about a dozen times. 

The above process of cleaning mercury is very necessary 
for the preliminary removal of all the more volatile metals 
before distillation. In cleaning with mercurous nitrate solu* 
tion the more electro-negative metals like Mg, Zn, Cd, Ni, Pb, 
Sn, and Cu displace mercury from the mercurous nitrate solu¬ 
tion and thereby are easily eliminated as soluble nitrates 
of these metals. Of course the process is not complete. But 
this helps to reduce the amount of the impurities present in 
the mercury before distillation, since when these impurities are 
present in large quantities a single distillation is not found to be 
enough to complete the purification. There is an advantage 
in preferring treatment with mercurous nitrate, for other 
chemical processes of oxidation of the impurities. The order 
of removal of metals by oxidation from amalgams is Zn, Cd, 
Sn, Pb, Ou, Hg and Ni. 1 On the other hand the order of re¬ 
moval of metals by displacement of mercury in the mercurous 
nitrate is Mg, Zn, Cd, Ni, Sn, Pb and Cu. We thus see that 
some metals that are difficult to remove by the method of 
oxidation are easily removed by treatment with mercurous 
nitrate. Mercury after being treated with mercurous nitrate 
is well washed with distilled water repeatedly until free from 
any trace of acid. Then it is completely dried by slowly heat¬ 
ing it, out of contact with air. 

Mercury thus obtained is very nearly pure for all practical 
purposes. But for obtaining the mercury of the highest purity 
it has first to be distilled and here comes the problem. Two 
ways are recommended for the distillation. 

1. By ordinary gas flame heated still, Fig. 1. 

2. By the mercury arc still, Fig 2. 2 


1 J. Rttswl, “Jour. Chem. Soc.,” Vol. 127, p. 2221 (1926) ; Vol. 128, p. 1872 (1926) 
and p. 2398 (1929). 

* H. P. Waran, Phil. Mag., Vol. 2, p. 317 (1926). 
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To test the relative efficiency of the two stills the following 
distillations were done and the samples of the distillate analys¬ 
ed chemically. 

Dirty laboratory mercury which on chemical analysis was 
found to contain Cd, Ni, Sn, Pb, Ag and Zn all in fair pro¬ 
portions was divided into two parts and distilled separately 
by the two stills. The distillate from the ordinary still was 
found to contain a fair proportion of Gd, Zn and Pb while the 
distillate from the arc still contained in addition fair propor¬ 
tions of Gd, Sn, Ag and traces of Gu. 

Again the same laboratory mercury after being subjected 
to the preliminary processes of purification detailed above was 
distilled by the two stills separately and the samples of the 
distillates from the two stills were again analysed. It was 
found that in the ordinary still all the impurities were elimi¬ 
nated by a single stage of distillation. In the arc still traces 
of impurities like Ag, Ou and Sn continued to occur in the 
distillate. To examine this difference further clean mercury 
that contained known impurities of Ag, Gu, Ni and Mg was dis¬ 
tilled by the arc still and it was found that while Ni and Mg 
were eliminated Cu and Ag continued to be present in the 
distillate. 

Thus we see that the behaviour of the two forms of stills 
is distinctly different. Certain metals like Ag and Ou that are 
eliminated by the gas heated still are not eliminated by the arc 
still. Again in the arc still metals like Ag and Cu have a 
greater tendenoy to distill over than metals like Ni and Mg. 
Also it was found that best results were obtained with the arc 
still if the mercury to begin with is very pure and specially 
free from particular impurities like Ag, Cd and Gu. It is 
common experience that the distillate from a highly contami¬ 
nated mercury is indeed not pure. 8 But why when samples of 
mercury when distilled by the arc still of the Waran type and 

• 

* Hullefc, Phj. Rev., yoL 21, p. 888 (1906) and Vol. 83, p. 807 (1911). 
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by an ordinary gas heated still should yield mercury with 
different impurities in the two oases and why certain metals 
alone and others are not eliminated in the Waran’s mercury 
arc still, it is not easy to explain. 

It occurred to me while investigating the phenomenon of 
cathodic sputtering that the metals irremovable from meroury 
by distillation in the arc still were exactly those that sputter 
greatly in the discharge tube and it suggested itself to me 
whether the phenomenon of sputtering could be the cause of 
the observed peculiarity in the arc still. Assuming the arc dis¬ 
charge to be of the same nature as discharge through rarefied 
gases, the only difference being in the high current density of 
aro, it is natural to suppose that the metals found as impurities 
in the distillate of an arc still are sputtered along with the mer¬ 
cury from the cathode of the arc and are condensed in the con- 
denser tube along with the vapour of mercury from the anode. 
If we assume that in the mercury arc phenomenon there is 
cathodic sputtering taking place at the negative pool of 
mercury, the impurities are accounted for on that account. In 
the ordinary vacuum still the whole mass of mercury is raised 
to a temperature slightly below the boiling point of mercury 
and necessarily very much below even the melting point of 
most of the metal impurities. Hence vaporisation takes place 
over the whole of the exposed surface of the liquid, enabling 
the mercury to distill over leaving the impurities behind. 
Traces of impurities may be carried mechanically along with 
the mercury vapour. But in the case of the mercury arc the 
phenomenon seems to be different. Here the evaporation at the 
cathode is by sputtering. According to the thermal theory 4 
sputtering is caused by a small mass of the metal 1, 
probably a few molecules of the metal in the neighbourhood 
of the point of impaot of the positive ion taking up the 
energy of impact and vaporising on that account. Unlike 


< B. K. Cowrie, Ind. Jour. Phjrs. Vol. 8, P. 209 (1988). 
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ordinary vaporisation the effect is instantaneous and localised. 
On the impact of the positive ion if the energy is sufficient 
the whole of the amalgam molecule that is struck by the ion 
is vaporised and thus the impurities reaoh the condenser and 
come as an impurity in the distillate. So the distinction 
between an ordinary gas heated still and the mercury arc still 
is one of general vaporisation and cathodic sputtering. In both a 
process of fractional distillation takes place. But since the pro¬ 
cess of vaporisation in the two cases are different, the products 
of distillation are also different. In the mercury arc the 
current density being greater than in the discharge tube the 
sputtering effects at the cathode can be expected to be greater 
than in the discharge tube. Hence it looks as if sputter¬ 
ing at the oathode of the arc is the cause of the impurity 
in the distillate from the arc still. 



Fig. 4. 
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To experimentally investigate the point further a mercury 
arc as shown in Pig. 4 was constructed in which the anode was 
of metallic iron. 

By making the anode of metallic iron and the cathode the 
pool of mercury, we are able to find out quantitatively the 
amount of metal sputtered from the oathode. If the anode were 
also of mercury the estimation of the amount of metal distilled 
over from the cathode will become difficult as we will have 
to estimate the same quantity of the metal in a larger mass of 
distilled mercury from the anode. Now silver has a boiling 
point as high as 1955°C and a sputtering value next only to 
gold which is taken as 100. Hence if an amalgam of silver 
is distilled by the arc shown in Pig. 4 and by an ordinary gas 
heated still we should be able to see the contrast in the 
performance of the two very clearly. But if an amalgam of 
Cd, Sn, or Zn be used the difference will not be so marked 
since the boiling point of these metals is low and their 
sputtering value is not also high. Another test is provided 
by an amalgam of Mg. Since its boiling point is high and 
sputtering value practically zero, it ought not to occur as 
an impurity in either still. It is necessary to use a concentra¬ 
ted solution of the amalgams to accentuate the result. 

To examine this point the arc illustrated in Pig. 4 is used 
after being filled with the concentrated amalgam using speci¬ 
ally purified mercury. The arc is exhausted by a Oenco 
pump. The tube is held vertically and the arc struck by 
connecting the terminals of the secondaries of an induction 
coil temporarily to b and c while a permanent D. 0. potential 
is applied across a and b in series with a resistance as shown 
in Pig. 4. The distillate from the cathode colleots in the 
annular ring * d ’ and flows into the side tube /. .When 
sufficient amount of meroury collects in the tube it is drawn 
off by breaking the tip of the tube and the amount of silver 
in it is estimated quantitatively. 
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The same sample of amalgam as was used in the above 
experiment is distilled in an ordinary gas heated still as shown 
in Eig. 1. The apparatus is kept exhausted to the same 
degree of vacuum as in the arc shown in Eig. 4 and a slow 
heat applied from a Bunsen burner. The distilled mercury 
which collects in the bulb B is drawn out through the end c 
and the quantity of silver in it estimated. 

A third sample of the same amalgam is distilled in the 
Waran’s arc still and the silver in the sample of the distillate 
estimated. 

The quantity of silver in all cases is estimated by separa¬ 
ting the silver from the mercury and weighing it in the 
form of pure silver chloride. It was found that the mercury 
from the arc shown in Fig. 4 contained 6'5032^ of silver by 
weight. The mercury from the Waran’s arc still contained 
*6032^ of silver while the distillate from the ordinary gas 
heated still yielded only a qualitative test for the presence of 
silver but no quantitative estimation was possible as the per¬ 
centage of silver in it was too low. 

The above experiments W9re repeated using an amalgam 
of magnesium in the place of the silver. It was found that 
there was a slight trace of magnesium in the distillate from 
the ordinary gas heated still but there was no trace even 
in the distillate of the Waran’s arc still and the distillate 
from the arc with the iron anode shown in Eig. 4. 

The above experiments seem to confirm the idea that the 
impurity in the distillate from an arc still must be due to 
sputtering at the cathode. Silver is not an easily volatile 
metal but its rate of sputtering is next only to that of gold. 
Hence it is that we get only a trace of silver in the distillate 
from the ordinary gas heated still while in the case of mercury 
arc with an iron anode there is a large percentage of metal 
in the distillate. But in the case of the Waran’s arc still the 
effect is masked by the vaporisation of the anode also and the 
percentage of silver in the distillate is lowered. In the case 
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of magnesium whose sputtering value is zero and boiling 
point fairly high we see that in the Waran’s arc still and the 
speoial meroury arc distillate, magnesium does not occur. 
Slight traces of silver and magnesium occur in the distillate 
from the ordinary gas heated still likely being carried 
mechanically along the mercury vapour from the highly 
concentrated amalgams. This shows that the difference in 
the behaviour of the arc still and the ordinary gas flame 
heated still is not that due to a higher temperature of the 
arc as compared with the ordinary still heated at the bottom. 
If that were so whether the impurity was Ag or Mg should 
make little difference in the performance of the arc still. 
But we find that in the arc still Ag distills over and 
not Mg. Since the process of heat vaporisation and sput¬ 
tering are different the order of removal of metals by 
ordinary distillation and arc distillation are different. The 
following table gives the order in which the different 
metals are removed by the different processes of cleaning 


Metals removed 
by treatment 
with KOH. 

Order of 
removal of 
metala by mer¬ 
curous nitrate. 

Order of 
removal of 
metals by 
Oxidation. 5 

Order of 
removal of 
metals by 
heat vaporisa¬ 
tion. 

Order of 
removal of 
metals by 
Waran’s Arc 
still. 

Sn 

Mg 

Zn 

Au 

Mg 

Zn 

A1 

Cd 

Pt 

A1 

Pb 

Cr 

Sn 

Ag 

Ni 

— 

Mn 

Pb 

Cu 

Cu 

— 

Cd 

Co 

Sn & Pb 

Sn 

— 

Ni 

— 

Zn 

Pt 

— 

Sn 

— 

Cd 

Ag 


Pb 

i 

— 

Au 

— 

Cu 

— 

— 

— 


5 Russel, loc . cit. 
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meroury. It will be seen from the table that to get mercury 
of the highest purity, it has to be treated under all the pro¬ 
cesses, since none of them oan remove all the impurities with 
the same degree of efficiency and by a single trial. But when 
mercury contains one or more known impurities it will be 
advantageous to prefer one method of treatment to another. 
Bor instance if Au is an impurity it will be advisable to distill 
the mercury by ordinary distillation than by the Waran’s Aro 
still. If magnesium, nickel, etc., are the known impurities it 
will be better to use the Arc distiller. Hence the Waran’s 
Arc distiller has certain preferences over the ordinary gas 
heat distiller, although mercury to be distilled in it must not 
contain impurities in great proportion. 

I have great pleasure in acknowledging my indebtedness 
to Dr. H. Parameswaran, M. A., Ph.D., D.Sc., F.I.P., Pro¬ 
fessor of Physics, Presidency College, Madras for all the 
guidance that he has given me in this work. 

Physics Laboratory, 

Presidency College, 

Madras, 8. India. 
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On Molecular Screening Constants 

By 

Panchanan Das. 

(Received for publication, May 26, 1934.) 

Abstract. 

Assuming that in a diatomic molecule with two electrons, the inner 
one screens the charge on each nucleus by |c, the term values and the 
heat of dissociation of the molecules occurring in the following table are 
calculated by Hylleraas’s method. 



LiH. 

BeH. j 

Li]* 

1 

Heat of Disfloc". (Calc.) (in electron volts.)... 

2'30 

2*80 

1*08 

Heat of Difl8oc\ (Obs.) (in electron volts.) ... 

2-56 

2*21 

1*14 



Is2p>2. 

1s2b 3 2. 

i{ls2p('*+M}. 

lsls 1 ^. 

Term value of HafCalc.) (in Rydberg unit) ... 

-1-490 

-1*416 

-1*442 

-2-89 

Term value of Hs(Obs.) (in Rydberg unit) ... 

-1-499 

-1*469 

-1*439 

-2-83 


The Bitz method of finding the characteristic energy 
values of atoms very often yields a useful collateral result, 
mz.^ the value of the screening constant of the atomio nuoleus. 
By a combination of the Bitz method and the method of 
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separation of variables Hylleraas 1 has almost exactly calculated 
the term values of the H a -molecule in the lowest few states. 
The advantage he has had over his predecessors appears to lie 
in the fact that as a first approximation he regards the outer 
electron as moving in a field due to half the actual charge of 
each nuoleus. It will be shown in the present paper that if 
the idea of nuclear screening to the extent of \e is applied to 
slightly more complex molecules, that leads to a fair agree¬ 
ment between the observed and calculated values of the 
electronic terms and the heat of dissociation, the calculation 
being extremely simplified by the fact that certain tables 
prepared by Hylleraas can be directly made use of. 

Let the two nuclei in the molecule be denoted by a and 
b, and the electrons by the numbers 1 and 2 ; then r la stands 
for the distance between the nucleus a and the electron 1 ; 
similar meanings attach to r 2b , r 12 , etc. The potential energy 
of the electrons in Hylleraas’s units is 


V = —4 



+ 


_J__LV 

r S b- r 12/ ' 


and the energy operator of the system is H= A^ A 2 +i/, where 
A lt A 2 are Laplacian operators with a constant factor. Then 
the total energy is 


where 

and 


jy* Etydr/J^ ij/dr, 

dr = dr ! dr 2> 


\j >, being the wave function of the electron l l \fi 2 being that of 2. 


Now if we write 


E' = 




... (1) 


1 Hylleraas, Zs. f. Pbys. 71, 789, (1981). 
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the total energy is E' + E+E 4 . 

It is evident from (1) and (2) that E' is the total energy 
of an electron in a field of two nuclei each of charge unity, 
while E (without prime) is the energy in a field of half the 
charge; E, is a perturbation term involving exchange integrals 
of the Sugiura types which Hylleraas evaluates numerically. 
The notion of screening is thus implicit in a treatment where 
E, is regarded as mere perturbation energy. 

The energy values E, E' of the individual electrons are 
found by Hylleraas by the use of elliptic coordinates. If 2R be 
the internuclear distance and Z a , Z 6 be the respective nuclear 
charges, the potential of an electron in terms of the elliptic 
coordinates 

£ = (r a + r 6 )/2R 

and 

r)=(r a -r b )/2 R 

is easily seen to be 


v_2 £(Z a + Z 4 )+>j(Z a -Z 4 ) 

R 

When the variables have been separated in the resulting 
wave equation, the equation involving the variable £ is 
found to be 

^-{ ( £ > -l ) ||}—^ J .+ [-C« a + B £-Ajx= 0 ... (4) 

where 

B=R(Z b +Z»), c=-Ler 2 

4 


... (6) 
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and A is another eigen value parameter determined by the 
corresponding equation in ij. E is the energy parameter. 

Before proceeding further we explain that in Hylleraas’s 
notation stands for the energy of an electron with 
quantum numbers n, l, m. For instance, an electron in the 
2 p state with quantum numbers 2,1, 0 has energy E'j,, 0 , 
under full nuclear charge. 

In the case of hydrogen Z a «Z»=l, and Hylleraas solves 
the equation (4) for the ls-state of the electron and tabulates 
the value of E' 100 for different R values which is reproduced 
here:— 

Table I. 


B'ioo 

- 3*470 

- 2-905 

- 2-683 

-2498 

- 2*341 

- 2-206 


- 1*988 

-1899 

- 1-822 

R 

0*6 

B 

1-25 

1*6 

1-76 

2 

2 26 

2*6 

2-75 

3 


Table No 2 of his paper gives the values of E 200 , the energy 
of a 2s-electron in a nuclear field Z a —Z b —\. This is our 
table II. 

Table II. 


Ejoo 

-0 260 j 

- 0*283 

- 0*227 

-0-222 



-0*207 

-0-202 

- 0*194 

R 

0 

B 


B 

1*76 

2 

2*26 | 

2*5 

3 


We shall presently desoribe a method whereby the energy 
value E for any value Z ai Z b can be readily calculated by the 
use of the foregoing tables. 

The equation corresponding to (4) for an eleotron on 
nuclei of charges Z' a) Z' b and at a distance 2R' apart is 


|(£ 3 - 1 )|^}-^^ + [-C^ + b ^- a ']X'=0 ... (6) 
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where 


B'=R'(Z' a + Z'j), C'= —i-E'R ' 2 


(7) 


Then (4) and (6) would constitute the same eigen value 
problem, if A'=A, which means that Z a —Z 6 =Z a '-Z' 6 
and B'=B, C'=C, which give from (6) and (7) 



Z'a+Z'J 


( 8 ) 


Hence if a table of values of E (R) be given we can construct 
a table for E' (R) and vice versa, graphically by means of the 
formula (8). 

We first take up the LiH molecule. We assume, as 
Hutchisson and Muskat 2 have done, that the Li-nucleus along 
with its K-electrons constitutes a simple nucleus of charge 
unity. The problem is to find the energy of a Is-electron and 
a 2s-electron in the field of two nuclei, each of unit charge. 
The energy E' 10O of the ls-electron is already given in table I. 
This electron screens the nuclei to the extent of half the 
charge, so that the energy E 200 of the 2s-electron is to be read 
from table II. Table III below gives the values of Ex, iH = 
E'loo+Eaoo +2/R which represents the total energy of the 
molecule LiH. 


Table III 


ELiH 

-1137 

-1*386 

-1*414 

-1*417 

-1-407 

-1*390 

B 

1 

1-5 

1*75 

2 

2*26 

2*8 


From a graph of E against R we find the minimum value 
of E L1H to be —1*42 Rydberg units roughly. When this hypo¬ 
thetical molecule dissociates, the products are a hydrogen-like 


* Hutchisson and Muskat, Pbys. Bey., 40, 840 (1982). 
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atom in the ls-state and another in the 28-state^ the total 
energy of which is —1'25 units. Hence the heat of dissocia¬ 
tion of the LiH molecule is—017 units=2 *3 electron-volts, 
which is the same as Hutchisson and Muskat’s calculated 
value. The experimental value 8 is 2*56 volts. 

In finding the heat of dissociation of the more complex 
BeH molecule Ireland 4 assumes that the Be nucleus along 
with its two K-electrons constitutes a simple nucleus of charge 
2, so that the problem of the BeH molecule is that of two 
electrons, of which either both are in the 2s-state or one is in 
the 2s-state and the other in the 2p-state, and a third electron in 
the ls-state in a field of two nuclei of charges 1 and 2 units. 
He shows that there is a 2 t state and a V state in which E as 
a function of R has a minimum and the heats of dissociation 
calculated by him are 3*5 and 1*5 volts respectively while the 
experimental values are 2‘22 and 2'21 volts. Admittedly the 
agreement is poor; hut if we take a simplified model of the 
BeH molecule, in which the Be nucleus with its K-electrons 
and the third electron in the 2s-state is regarded as a simple 
nucleus of charge 1, then BeH and LiH present identical 
problems ; then the heat of dissociation of BeH also is 2*3 
volts which is in better accord with the observed value than 
Ireland’s. 

We next consider the Li a molecule. Effectively it has two 
electrons each in the 2s-state in a field of two nuclei each of 
unit charge. The energy E'^ of a 2s-electron in a field Z' ft «= 
Z b '=l has not been given by Hylleraas; but we can apply the 
formula (8)' and utilise the table II for E soo in finding E'^ . 
We get the following values:— 


E ' jqO 

-1 

-0-930 

-0-846 

-0*777 

B 

0 

0*5 

1 

1 1-6 


* Nakamura, Zb., f. Phya., 69, 318 (1930). 
< Ireland, Phya. Bev., 48,881 (1988). 










MOLECULAR SCREENING CONSTANTS 


41 


By graphical extrapolation we extend the table further :— 


E'joo 

-070 

-0-62 

-0*55 

-0*47 

-0*40 

R j 

2 

2*5 

3 ! 

3-5 

4 


We assume that the 2s-electron of one Li atom effectively 
reduces the nuclear charges by \e ; then the energy of the 
2s-electron of the second atom must be of table II. Then 
the total energy of the molecule is E L j 2 =E' 200 +E 200 +2/R. 
The values of E Li2 are given below:— 


EL 12 

2*82 

0*92 

, 

0-33 

0-09 

-0*02 

-007 

-0*08 

-0*07 

R 

’5 j 

1 

1’5 

2 

2-5 | 

3 j 

| 3‘5 

4 


E L j a has thus a minimum value — 0‘08 units, which is the 
same as Eurry 5 and Bartlett’s. A Morse formula fits into the 
above table easily. If in the formula E=De~ 2 “ (R-E o > — 
2De~ a(a-B o we put D = 0‘08, R 0 = 3'5 and e a «=0‘59, we get the 
following table of values :— 


ELij (Morse) 

0*92 

0-33 

0*083 

-0*028 

-0-070 

1 

-0*075 

R 

b 

B 


2*5 

3 

5 

4 


The heat of dissociation D=*08xl3’53:=r08 volts as 
against the observed value 1*14 volts. 

We finally consider the hydrogen terms. If one electron 
be in the ls-state while the other is in the 2p-state with quan¬ 
tum numbers (2, 1, 0) the resulting molecular terms are 
ls2p u 2. Hylleraas’s table No. 3 gives the value E 2 i„ of a 
(2,1, 0) electron in a field of half the nuclear charges. Add¬ 
ing E J10 , E' 100 and 2/R we get the energy in the ls2p t state, 

5 Furry and Bartlett, Rhys. Rev., 38, 1615 (1931). 

6 
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and the minimum value is found to be -1’490 against the 
observed value —14989 of the ls2p 1 S term. 

If the second electron is in the (2, 0, 0) state, the mole¬ 
cular term are ls2s 1,3 £, and the energy value +E' 100 +2/R 
has a minimum —1*416 as against the observed value —1*4645 
of the ls2s 8 2 term. The difference is a little marked here, 
showing that the amount of screening is not exactly half on 
the 2s-electron because of its penetrative character. 

If the second electron is in the (2,1,1) state the mole¬ 
cular terms are ls2p 1 3 ir, and the calculated value has a mini¬ 
mum —1*442. The observed mean value 

(ls2p 1 + ls2p 3 tt)/ 2 ia -(1*4176 +1*4600)/2=-14388 
which nearly agrees with the calculated term. 

If both the electrons are in the ls-state, the molecular 
term is lsls% but in this case the amount of screening is 
found to be about f and not Thus putting Z a =Z b =f and 
Z , a «sZ' b =l, we get from (8) 

Eioo (R) = ^-g^ (9) 

The value of the total energy 

Eioo + E , 10 o+ 


is calculated with the help of (9) and tabulated below:— 




- 0*90 

— 2*205 

- 2*81 

- 2*82 

-2 80 

- 2*25 

R 

0 

0*5 

1 

i 

1*26 

m 

1*76 

2 


The experimental value of Eh* is -2*3262, and R 0 =l*42. 
Prom the foregoing table we get Eh 2 «= —2*32 and R 0 =l*6. 
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It is obvious that all the labour involved in the numerical 
computation made by the writers referred to, when the atomic 
wave functions are used and the exchange integrals have to be 
evaluated, is reduced to a minimum here, principally because 
the use of elliptic co-ordinates gives a nearly exact eigen 
value, and secondly because of the consideration of the proper 
amount of screening. 
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Ellipsoidal Wave-Functions 

By 

S. L. Malurkar. 

(Received for publication, May 24, 1934.) 
Introduction. 


The wave equation 



-Of* =0 

a t 2 • 


occurs widely and normal functions suitable for different boun¬ 
dary conditions have been studied for a long time. In this 
paper an attempt has been made to obtain and study the 
properties of normal functions suitable for boundary conditions 
over ellipsoids or other central quadrics. The normal func¬ 
tions bear a relation to Lam6 functions similar to that existing 
between Mathieu functions and the circular functions. 
During the course of this work, which was undertaken at 
widely separated intervals and completed by 1929, a memoir 
by F. Moeglich, dealing partially with the problem of obtaining 
functions which could be used for ellipsoidal boundaries, was 
published in 1927. The normal functions obtained by him 
are functions of two variables. His method simplifies much 
of the preliminary work and does not raise the question 
regarding the existence of solutions for nonlinear integral 
equations, which looms prominently in the present work. 
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Also neither the methods employed nor the results obtained 
bring out the analogy with the Mathieu and Lam6 functions 
as, e.g., the various species of normal functions corresponding 
to the species of Lam6 functions. 

The first section deals with the derivation of the differ¬ 
ential equation in algebraical form and its uniformisation. The 
boundary conditions are also specified. In the form involving 
Jacobean elliptic functions the fundamental differential equa¬ 
tion is 

+ (a 0 —ai& 2 8n 8 £ — n 2 7c 4 8n 4 £)U = 0 

where n is a constant and a 0 and ^ have to be characteristic 
constants. 

The next section is devoted to properties common to all 
the characteristic functions. It is seen that the solutions can 
be written in the form 

(8n£) ai {eng)* 2 [dug)* 3 \}>{sn*g) 

where tfi is an integral function of s n£ and <r u cr 2 , and <r 8 have 
values equal to 0 or 1. The functions are therefore continu¬ 
ously differentiable for finite values of s n$. From the usual 
form of the second solution of a second order differential equa¬ 
tion in the normal form the symmetry character of the second 
solution is found. 

The second half of the section is concerned with ortho¬ 
gonal relations. By the usual methods it is shown that the 
characteristic constants are real so long as we deal with real 
Cartesian space. The wave functions can be normalised. The 
linear independence of the characteristic functions follows 
easily. A third orthogonal relation that will prove of use is 
also given. 

Section III deals with integrals connected with the equa¬ 
tions. From an analogue to Whittaker’s integral for a wave 
equation, the integral equations of the characteristic functions 
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are deduced. The integral equations are non-linear. The 
convention is therefore made that the solutions are always 
dealt with in their normal form. 

Then the actual form of the nuclei for the four species 
and eight types are given. By ordinary methods the integral 
equation can be solved for small values of n. 

The method of stationary phase gives us the asymptotic 
expressions for large values of sn$. It follows simply from 
the asymptotic expressions for large and positive values of 
s n£ that the second solution behaves differently from the 
characteristic functions. 

The work involved is rather heavy for the calculation of 
the functions. The method of Horn used by Jeffreys was 
applied to the present problem for large values of n. It is 
possible that this is the first application of the method for a 
differential equation with two characteristic constants. The 
method adopted in the section requires a slight explanation. 
The condition for determining the various constants that 
occur is first given and at the end a review is made by 
comparing the asymptotic solution obtained in this section 
with the one got by using the method of stationary phase. 
This is possible as the asymptotic expressions have a common 
region of validity. Considering formally, the Horn and 
Jeffreys method is a re-arrangement of the Hamburger 
approximation about the irregular point. Probably this 
formal relation may be extended so as to facilitate the identi¬ 
fication of solutions in their variant forms. For large values 
of n 2 no approximations of the third and • fourth species have 
been derived. 

I. The fundamental system of confocal quadrics which 
define the elliptic co-ordinates are taken here to be 

l=a5 a /(A-e 3 ) + j/ 9 /(A-e 2 ) + a 2 /(A-e 1 ) 

where 


e 2 , e 3 are real, e 1 >e a >e 3 and e l + e i + e 3 =0. 
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This ohoice saves symbols. The quadrio is an ellipsoid, 
a hyperboloid of one sheet or a hyperboloid of two sheets 
according as X>e t , ej>X>e 2 , or e 2 >X>e 3 . The co-ordinates 
corresponding to the three quadrics are denoted by X, /x, v. 
The ranges of values given above for them are useful. As is 
well-known, the following relation holds; 

x^ = (X.-e 3 )(ft,-e 3 )(v-e 3 )j(e 3 -e 1 )(e 3 -e 2 ) 
y 2 = (\-e 3 ){ fJ .~e 2 )( v -e 2 )l(c i -e 1 ){e 2 -e 3 ) 
z* = (\ -e 1 )(^-e 1 )(v-e 1 )/(e,-e 2 )(e 1 —e 3 ). 

Denoting for shortness 

A 2 = (A—e x )(A—e 8 )(A—e 3 ) 

A 

and similar symbols for other variables (/*, v) and ^ for the 
sum of cyclically permuted terms, the wave equation 
A4>-l/c 2 .a 2 */0< 2 = O 

reduces to 

— 4/(X—/*)(/*—v)(v—A). [ (p-v)8(A A 0*/0A) /0A] 

-l/c 8 .a 8 </>/d£ 8 =0. ... (1.0) 

Without loss of generality it is assumed that <f> is propor¬ 
tional to exp(ipt) and so we replace - 1/c 2 . d 2 <f>/dt 2 by p 2 <£ 2 /c 2 . 

The equation (l’O) becomes 

SA A (M-v)a(A A a^/aA)/aA- P 2 (A- M )( M -v)(v-A)^/4c 2 =o.... (i.i) 


The equation is separable and we may assume as usual that 
the solution is of form A(X) M(/x) N(i/)'. The three functions 
A (X), M(/i) and N(v) satisfy the same differential equation 
as for A; the equation is 


A a d( A a dAjd\) /dA= (a 0 + a t A—p 8 A s /4c 8 ) A 


... ( 1 . 2 ) 
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where a 0 and a t are arbitrary constants. A priori their values 
are not known. They have to be restricted by a choice as 
in the case of Mathieu or Lam6 functions. In the problems 
that we come across <f> is of the nature of a varying potential or 
like quantity. The simplest assumption would be that it is 
single valued in space. The derivatives of <f> are of the nature 
of velocity or force or the like. As we deal with finite magni¬ 
tudes of these quantities, and much less frequently with 
infinite values, we make the following restrictions. <f> is a one 
valued function of x , y, z with bounded derivatives everywhere 
in the finite region. This would mean that A has to be one¬ 
valued in (X— eji, (\-e 2 )i and (X —e 3 )i with one or more 
factors of the type (X—, (X — e 2 )l and (X—e 3 )l . It will 
be seen later that apart from these factors the main function 
is an integral function of any of the three quantities 

(A-Ci) 1 , (\-« 2 ) i ;and (A —c 3 )* 

The equation (1.2) written in full is 
(A_ ai )(A-e > )(A-e,)[d*A/dX* + l/2 < {l/(X-« 1 ) + l/(^-«s) + l/(^-«a)} 

dA/d\] 


— (a 0 +a 1 A—p 2 \ 2 /4c 2 ) A =0. 

This equation has singularities at e u e 2 and e 3 with expo¬ 
nents 0 and 1/2, and an irregular singularity at infinity. The 
equation is therefore a confluent form of differential equation 
with six regular singularities.* 

The form of the equation suggests that 


A = (A-e 1 ) ,ri/2 (\-e 2 ) <rj/2 [k-e 3 )' i, \ A x (\) 

where <r lf tr 2 , <r 8 could be 0 or 1, and Ai(X)' is some function of 
X which is one valued and bounded and which in a variant 
form will be shown to be integral in (X — e x )} , (X — e 2 )* and 
(X—e 8 )i and the like. 

* Cf . L. Ince., Ordinary Differential Equations, p. 502, 

7 
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As every finite point except X «■ e u e a or e„ is an ordinary 
point of the differential equation no such point could be a 
multiple zero of unless the function is identically zero, 

which case we bar out. The finite zeros of A! have to be 
different from e u e 2 or e s as otherwise the exponents at these 
points could not be 0 or 1/2. 

The presence of the radicals in the algebraic form of 
the differential equation prevents an easy handling of it. 
The limiting or boundary conditions are combrous for use. 
This difficulty can be overcome by uniformising the variables. 
The two possible forms of the equations corresponding to 
the Weirstrassian and the Jacobean elliptic functions are 
both easily derivable and could be solved in a more elegant 
way. 

The invariants of an elliptic function (Weirstrassian) 
are so determined that the semi-periods (o u <u 2 , o> 8 ; 
(<ui+o) 2 +a >3 = 0) satisfy %(o> r ) = e r ; (r=l, 2 or 3). The variables 
a, A y are found so that \ = e(a) ; /x*= «(>S) ; and v=%{y). 
The equation (1.1) becomes 

25 [e(/3)-«(y)] ava.a* 

afiy 

-p 2 {«(^)-«(y)}{«(y)-«(“)H«(a)-«(/3)}Wc 2 =o. ... (1.8) 

This equation gives rise to a one-variable equation in the 
form 

d 8 A/da 8 + {p 2 /c 2 .[^(a)] 2 —a l ^(a)—O 0 }A=0. ... (1.4) 

where a lL a« are arbitrary constants which vary according to 
the form of the equation employed. 

The Jacobean form is obtained by taking 


A=«(a)=e 1 -(e I — e 3 ) k 2 sn 2 £ 
/*=«(/?)=e 1 —(e 1 —e 3 ) k 2 en 2 t] 
v=q(y)=e 1 -(e k -e 3 ) k 2 


... (1.5) 
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where k 2 «(e I - e 3 )/(e! -e 3 ); 

and7c'2=(e fl -e 3 )/(6 1 -e 3 ) 
which is possible if a=(£+ iK') / V(c 3 -e,) 


with similar relations for /3 and y. iK' is the quarter period 
in the usual notation.* 

As the explicit relations between the Cartesian and the 
Jacobean elliptic co-ordinates may be useful they are collected 
below: 


x = qjk r dn£ dnrj dn £ 

2/= — iqk 2 /k' cn£ cnrj cn £ 


( 1 . 6 ) 


z=—iqk 2 an£ surj 


where g= ^(«i-c 3 ). 


The equation ( 1 . 1 } reduces to 

S (8n*r,-8n*t) 0V/£8 8 
iv( 

+ n i Jc 4 (8n 2 £—8n 2 t]) (sn 2 i]—8n 2 Q (sn a t,—8n 2 £)<p=0 ... ( 1 . 7 ) 

where n = pq/c. The corresponding single variable equa¬ 
tion is 

d 8 U/d£ 8 + (a 0 — a 1 fc 8 sn 2 £— n 2 k* sn 4 £)U=0 ... (1.8) 

This is the generalised Lam 6 equation as denoted by L. Ince. 
When n=0 it passes to the usual Lame form and with proper 
conditions leads to Lam 6 functions. 

The limiting conditions for the arbitrary constants are 
that they should be so ohosen that 

( i ) U or A is a doubly periodic function of £ or a as the 
Jacobean or the Weirstrassian form is used. 

(ii) U or A has bounded derivatives at all points except 
possibly at £*»iK' or 2 K+iK' and oongruent points in the 
Jacobean form or asO in the Weirstrassian form. 


* See, e.g, t Whittaker and Watson, Modern Analysis, p. 501. 
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We may confine ourselves to the Jacobean form as being 
simpler to deal with in spite of the fact that the formulae are 
unsymmetrical. When n = 0 the above conditions would lead 
to the Lam6 functions, with ai«* 1(1 + 1) where 1 is an integer 
and a 0 has one of 21 +1 discrete characteristic values. In the 
memoir by Moeglich* already referred to he has proved the 
existence of the characteristic constants with the help of 
linear integral equations for the above equation. And they 
correspond to the characteristic constants of Lamd functions. 

II. It is necessary to have and to utilize the general 
properties of the functions which can be derived without 
evaluating their particular values. 

A comparison with the algebraic form or a simple exami¬ 
nation of the Jacobean form of the equation shows that the 
form of the solution should be 

UteMswSP (cn£f* (dn£f* # sn *& 

where <r u tr 2 or cr„ may be 0 or 1, and the nature of i p is to be 
determined. By the limitations imposed already its deriva¬ 
tives exist at all points with the possible exception of points 
congruent to i=iK' or £= 2K+1K'. 

As the differential equation is unchanged by changing 
£ to TJ( — £) is also a solution of the same differential 
equation. Hence it is enough if we consider solutions of type 

(sn^^cnif^dnO^isn^)- - - ( 2 . 1 ) 

If the characteristic constants a„ a 0 be real and v? is real t/» 
may be taken to be a real function of the argument, i.e., 
sn 2 £. 

Let us consider the solution valid about the point £=0. 
Here $ (srfit;) can be expanded as a power series in terms of 


* F. Moeglich, Annalen dor Physik, Band 83, p. 609; Beuguogserscheinungen an 
KGrpern von ellipsoidischer Gestalt, 1927. 
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sn 2 g. Ordinarily this power series ceases to converge as the 
singular points are approached. 

As ^(sn 2 £) is unchanged when £ is replaced by (2K — £), 
K = £ is a point of symmetry for the function and as the deri¬ 
vatives of U(£) and hence «/» exist unless | sn£ | is infinite; 

SO <ty/<J£=0; at £=K. 

Similarly «fy/d£=o at £=K+iK'. 

Any solution of the differential equation (1.8) about the 
point £=K may be written as 

AFj(l-0 2 ) + BV(l-0 2 .)F 2 (l-fl 2 ) 

where o denotes sn£ and F X F 2 are power series of their 
arguments. 

Hence ^(0 2 )=0 -<ri (1 - 02 ) -<rj/2 (l-ft 2 # 2 )"^ 2 ix [AF,(l-0 2 ) 

+ B V(l —0 2 )F 2 (1 —0 2 )]. 

As #/<?£= V(l-0 9 )(l-fc 2 0 2 ).<ty/d0 

and d\f/ld£=0 at £=K or 6=1, 

it follows that a=o ifo- 2 =i 

B=0 cr a =0, 

i.e.y \jj considered as a function of e or sng has no singularity 
at e =1 or £=K. Similarly iff has no singularity at £=K 
+ iK' or $ = l/k. But \fi can have no other singular points for 
finite values of | sn£ | . Hence \p (sn 2 tj) is an integral func¬ 
tion of sn£. \ff can similarly be considered as integral func¬ 
tions of cnf or dn£. This property is useful. 

A seoond solution of the differential equation could be 
taken to be as 


u(S)JW{ u (t)} 3 . 
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It follows easily that this would have the form 

M 1 "' ri (cn0 1 “ <r, M 1 " ,r3 ^i(8« a a- (2*2) 

where 'Pi is not necessarily an integral function of sn a £. But 
from the form of the solution, it follows that when £ is real, 
the origin (£=0) is a point of symmetry for one solution, 
while it is the point of anti-symmetry for the other solution of 
the differential equation. Also when £=K +io-, i.e., when £ 
lies along a line parallel to the imaginary axis through £= K, 
the point £=K is a point of symmetry for one solution and 
the point of anti-symmetry for the other. 

Orthogonal relations. Corresponding to the two charac¬ 
teristic constants of the differential equation two important 
orthogonal relations are obtainable. 

For clearness U(£ | flj a 0 )' will be written to show that a x a 0 
are the two characteristic constants. 

Let us consider the case, when the constant a x is the same 
for two characteristic functions and the other constants are 
do and a o. 

The respective functions are U(£ | a x a 0 ) and U(£ | a t a 0 ). 

From their differential equations it follows 

j*|u(£ I Oxaga^Ud I ataoi/ep-Vtf | a t «°)d*U(£ | «,a' 0 )/0£ 9 

Ju(£ | a,a 0 ) U(£ | a,a' 0 )(*£=0 ... (2.3) 

where the integrals are taken over the same range. The first 
integral vanishes when the initial and final limits of integra¬ 
tion differ by a whole number of periods which do not contain 
points congruent to i K' or 2K-HK'. Hence if a 0 i=a 0 

U(£ I ai«o)U(£ | a x a' 0 )d$=0, 
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the range of integration being from £=£ to £=£, + 4mK+ 
Am'iK' where m and m! are integers. Preferably we may 
take the whole range of integration to be from — 2K to 
+ 2K. 

Now let us consider the case when the characteristic 
constants are all different, and let a I a 0 and a\a 0 be the con¬ 
stants. Now the product function U(f | a^JUir/ | 0 ) 

satisfies the differential equation 

{d a /d£*-d 2 /dv 8 }m I ai«o)U(»j | a x a 0 ) 
-{a^+n^k^m^+sn^jiati^-sn 2 ^ TJ(£)TJ(» ? )= 0 . 

Hence it follows that 

Ufo | I a>' 0 )[U(£ | a' ia ' 0 )a 2 U(^ | a^/dC 2 

-U(£ | «>'<>)/0£ 2 ] 

-U(£ | | a' ia ' 0 )[U(,, | a>' 0 )9 2 U(., | a^/Qr, 2 

-V(V I a iao )a 2 U(, |a>' 0 /a*j 2 )] 

-k 2 (.a 1 -a' l )(»n !t £-8n !l rj) U(£ | | | a^a'oJU^ | a>' 0 ) = 0. 

Integrating with respect to £ and 7 ? so that the limits of 
integration of each of these integrals differ by a whole number 
of periods, the first two terms integrate to zero. Of course, 
these ranges exclude points congruent to iK' or 2K+ iK'. The 
ranges for the two integrals need not be the same. 

Hence 

(«i— a'i)Jf(«w 2 £-s« 2 q)U(£ | | ai<J 0 )U(£ | a^a'^x 

u<, | a 'i a ' o )d£d>?=0. 

The anti-symmetry of the integrand with respect to £ and 
r) prevents us from taking congruent ranges for the two 
integrals. The integration ranges may be mutually perpendi¬ 
cular to each other, not passing through iK' or 2K+iK'. The 
convenient ohoice is for £ from — 2K to +2K, and for >? from 
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K—2£K' to K+2iK\ If a^a\ the integral is zero over these 
ranges. If Oi=o'i but a 0 i=a' 0 from (2.3) it follows that the 
integral is still zero. Hence 

I Oi«o)U(q | aia 0 )U(^ | a>' 0 )U(, | a' 1 a' 0 )^=0...(2.4) 

if ajsjta'j; or if a^a'j but a 0 =^a' 0 . 

From the above equation it can easily be deduced that 
in the infinitesimally narrow strip where n~ and sn 2 $ are real, 
the characteristic constants are real. 

If possible, let a, and a 0 be complex characteristic values 
and let a x and a 0 be their imaginary conjugates. From the 
differential equation it follows that if and </r 2 are real func¬ 
tions of their arguments such that 

U(£ | a^o)=(«»£)'' ( cnO( 4 nQ** ft («»£)}, 

the differential equation with constants dx and d 0 has a 
solution 


U(£ | d 1 d 0 ) = (sn^ (cn£)'* (dn$f> {^ 1 (»»*£)-«V«(»*£)>. 

and as this function satisfies the conditions of a characteristic 
function, the constants and o 0 are also characteristic cons¬ 
tants. From (2.1) it follows that 

( a i-«i)fJ(«tt 2 £-8» 2 f?)U(£ I a i«o)U(v | ai«o)U(£ | OxO 0 )U()j | axa 0 )d£d»j=0. 

—2K<£<2K; and v is from K - 2iK' to K+2t’K'; 

but U(£ | a,a 0 )U(£ | d l a o )=(8n0 2,ri (cn£) 2<r » + 

{Wi (•» 2 ©]*+W.(«»*£)]*}. 

this quantity has a constant sign (positive) in the range 
—2K<£<2K. Similarly, \J(t) | | Sx5 0 ) preserves the 

same sign throughout its range, positive, if <r 2 =0 and negative, 
if oj=l, and (sn 2 £—sn 2/ >?) is negative throughout the ranges of 
$ and rj. Hence the value of the integrand is real and has the 



ELLIPSOIDAL WAVE-FUNCTIONS 


57 


same sign throughout the ranges of integrations. The factor i 
is introduced owing to the fact that the range of integration for 
rj is parallel to the imaginary axis. It follows that unless the 
value of the integrand is everywhere zero (a t — a 1 )=0 or a, is 
real. We definitely bar out the null solution. Similarly from 
the other orthogonal relation it can be proved that a, is 
also real. 

Let us consider the integral 

ff(* n2 £~*n 2 jj){U(£ | a,« 0 )U(v | a r a 0 )}‘d$dr, 

taken over the ranges — 2K<£<2K and 17 from K— 2iK' to 
K + 2 iK'. 

As before 

<U(£ | a 1 a 0 )} 2 = ( 8n i )} 2<ri (cn£) 2 ^ (dn£) 2<rj ty(<. 2 £)] 2 

ip being a real function of sn?£ has a positive sign in the range 
of £. And {U (->7 | a x a 0 ) } 2 is also real in the integration range for 
and preserves the same sign positive, if <r 2 = 0 and negative, 
if o- 2 =l, and ( sn 2 £—sn\ 7 )' is negative and hence as before the 
integral cannot be zero unless the characteristic functions 
identically vanish. This last possibility we ignore. As the value 
of the integral is not zero its value could be fixed arbitrarily. 
Owing to the presence of an imaginary factor it would not 
be possible to normalise the integral to unity and yet pre¬ 
serve the real nature of if/(sn 2 £) in the required range. The 
normalisation which commends itself most is the one when 
the value of the integral is The ambiguity in signs is 
necessary as cnrj is purely imaginary on the line 
This causes no confusion. 

The ranges of integration being the narrow strip sn 2 £ and 
n 3 real, it is not possible to study the characteristic constants 
when sn*£ is complex. The work would be prohibitive. All 
the quadrios whioh are real in the Cartesian coordinates are 
fully accounted for by the real values of sn*£. Of course 

8 
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this would be no reason to treat the complex values of sn*£ 
with indifference. In fact, it is only by considering the 
asymptotic nature of the characteristic functions when sn 3 $ 
is large and real, i.e., when the quadric has all its axes 
imaginary, that we can deduce the difference between the two 
solutions of the differential equation. 

The corresponding orthogonal relations are well known 
for Lam6 functions and form the basis of Liouville and Klein 
expansion of an arbitrary function in terms of Lam6 pro¬ 
ducts. 

Finally, we need a third orthogonal relation. Considering 
the differential equations for 

U(£ | «!«' 0 ; Ufo I «i«o); T7(5 | a x a 0 ) 

the ai a 0 ; a t a 0 being two pairs of characteristic constants with 
one common member a 1 ; and writing for simplicity 

F(£, v, £)=U(£ | ai a' 0 )U(r, | fl,« 0 )U(£ | a x a 0 ) 

we have 

(sn° v -sn*0- 

+ n 2 7c 4 («n 2 £ — 8n 2 ti)(8n 2 t] — s n 2 £)(sn 2 £ — sn 2 £)F 

+ (a' o -a o )(8n 2 jj-«n 2 !;)F=0. ... (2.5) 

Let /(£i 7 £) be a symmetrical, doubly periodic bounded and 
continuously differentiable but not necessarily separable 
solution of (1.7), i.e., 

+ n 2 k*(8it 2 £—8n 2 rj)(8n s t]—8n 2 ty(8n 2 t,—8n*£)f—0 . ... (17b is) 

By the usual process it is seen that 

... ( 2 . 0 ) 
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ranges 

—2K<:£<2K; -2K<^<C2K and 1 from K-2tK' toK+2®'. 

Hence if a 0 ^a 0 the integral is zero. 

The first two orthogonal relations provide us with proofs 
of linear independence of the various combinations of the 
characteristic functions. 

For a given di and different values of a 0 all being 
characteristic constants, the functions U(£ | OjO 0 ) are all linearly 
independent. It may be recalled that for a given finite value 
of Oj the number of possible a\s are finite. If the linear 
independence did not exist we would have 

U(f | a i®o) = S' A((ija' 0 )U(^ | 

a 'o 

S ' denotes that in the summation with respect to a 0 ', a 0 ' = a 0 
is excluded. Multiplying by U(£ | 0 ^ 0 ") and integrating for 
£over a whole number of periods as, e.g. } — 2K to +2K it is 
found that A(aia' 0 ) = 0 for all values of a' 0 , whence the 
theorem follows. 

Let 

Utf I ai<io)U(>j | a^o) 

=S' A(«',a' 0 )U(£ | a>' 0 )U(., | a>' 0 ) 

o'jO'q 

S' denoting that in the summation, a l = a\ and a 0 = a’ 0 are 
excluded, and that only a finite number of a t and a Q s are 
taken. 

Multiplying by 

• (•»•£-«»•,)U(£ | | o',a" 0 ) 

and integrating between the limits — 2K<£<2K' 

and r) between K—2iK' to K+2iK' 

we obtain A (a\ a 0 ) = 0 for all values of a\ and a' 0 included in 

the summation. 
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Let fidrjt) be defined as before and let 
ff//v^)(«n 2 »j-«n 2 S)U(tj | Oi«o)U($ | a!O 0 )d^= ±B(£ | a^o) 

- 2K<C*?<C2K and £ is from K - 2fK' to K + 2iK> 
it follows that over the same range 

//{/(£•?£)”B(£ I a,« 0 )U(, | a,a 0 )ua | a^isn^-sn^) 
ix Ufa | 0x00)11(5 I a x a 0 )dt]d$= 0 . 

The symmetry of fifriQ and a repeated application of (2.6) 
shows that B(£ | a^o) =A(a 1 a 0 )V(^ | 0 ). The ± are used as 

before to keep the functions real; —ve if there be a factor of 
type c»£in (J(£ | a a a 0 ) and +ve otherwise. 

It is possible to break up f(£r)£) as a sum of terms like 
A(a 1 a 0 )U (£ | axa 0 )U (>7 | a 1 a 0 )U(£ | a x a 0 ) and a remainder which is 
orthogonal to any finite number of characteristic functions 
TJ(?j | a 1 a 0 )U(£ | a^o) as we like. 

If be representable as 


(«n£) , 1 (cn£) <r *(dn £) <r3 x a function of s» 2 £; 

<r lt ar 2 or cr 3 being 0 or 1, all the A^Oo^s which do not corres¬ 
pond to the particular characteristic functions with the same 
factor 

are easily seen to be zero. As it is possible to arrange any 
fiihQ as a sum of functions of the above form, the ambi¬ 
guity due to ± signs need not trouble us. 

III. ( a ) Integral Equations.* The integral equations for 
the characteristic functions, which are naturally more 
complicated than usual, may now be deduced. 

* Communicated first at the Bangalore Session of the Conference of the Indian 
Mathematical Society, April, 1926. 
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The method adopted here is analogous to the one used 
by E. T. Whittaker in the case of Mathieu functions.* We 
start from a modified expression of his general solution for 
the wave equation t 

when the solution is bounded at the origin. Whittaker’s 
solution is 

f fF(* coa u ccs v + y cos u sin v + z sin u + ct ; it; v)dudv. 

As we are using the Jacobean elliptic functions, the modified 
expression can be put as 

ffF xdnudnv + iy ycnucnv + kzsnusnv + ct) u, dudv ... (3.0) 

ranges 

— 2 K<u< 2 K; v from K— 2 iK' to K + 2iK/. 

The moduli k and k' are at our disposal. It may be supposed 
that they are equal to the values used in the previous sections. 

If the solution of the wave equation in Jacobean elliptic 
functional form of the last section be a particular case of this 
integral, ie., if 

U(£l«i«o)U(’?l a i a o) u (Sl«i«o)« a: P('PO 

a particular value of this integral, it may be supposed without 
much sophistication that in the above integral the form of 
F(X, u, v) may be exp(iX/c) S(u, v) } where S(n, v) is some 
function of u and v only. 


* E. T. Whittaker, Proc. of the Vth International Congress of Mathematics, 1913, 
Cambridge, also Modem Analysis. Whittaker and Watson, pp. 407 et seq. 
t E. T. Whittaker, Math. Annalen, 1902, Vol. 67, pp. 853 et seq . 
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Replacing the values of x, y, z by their equivalents in 
terms of £/£ we obtain. 

U(^l®i a o)m^|< I i a o)U(^ a i a o) 


= Jf“ p ['"{^ 


dnu dnv dn£ dnt\ dnt, 


fc 3 

+ -j-ff cnu cm cn£ cnr\ cn£ 

—ik s 8nu am an£ anr\ sn{ ^js(u, v)dudv 


... (3.1) 


The integration limits for u and v are the same as before. As 
are independent of each other, any two of them may 
assume arbitrary values. Omitting all constant factors 
we get: 

for 

tj=K; {=0 

U(£)=J $exp(infk' dn£ dnu dnv)S(u, v)dudv ; 


for 


r ] =-K + iK / ; $=0 

U (£)=S$exp(nk i lk l cn£ cnu cnv)S(u, v)dudu ; 


for 


»j=K + fK'; £=K. 

U(£)=ffeaip(n7c 2 8n£ anu snv)8(u, v)dudv. 


These three integrals suggest to us the types met with. 
We may replace the various exponential functions by cos, sin, 
cosh, and sinh functions, according to the requirements of 
symmetry about the points 0 and K. Though it is possible to 
deal individually with the three integrals, a slightly gene* 
ralised form simplifies much of the work. It is evident that 
every one of the exponential or cos, sin, cosh, and sinh 
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funotions is a symmetrical in £uv, doubly periodic, bounded 
and continuously differentiable (except at points congruent to 
iK' and 2K + iK'} solution of 

S (an*u-8n s v) 

£uv 

+ n 2 fe 4 (8n*l-—8n a u) (8» 2 m — 8n a v)(8n a v—8u a t)f=0. 

The exponential and ciroular functional solutions of the 
integrals satisfy exactly the same conditions postulated for / 
on page 58. The additional condition of symmetry about 
the point 0 and K may be introduced as it is useful. 

We may also write 

(8n a M —8re a t))S(u, v) 

instead of S(w, v). 

Hence the integral can be written as* 

U{£)=J ff(£uv)(sn 2 u —8n a t>)S(u, v)dudv 

the limits of integration are as before 

— 2K<m<2K and for v, K-2iK' to K + 2iK'. 

As 

d a U(£|a 1 a 0 )/d£ 2 —(n a /c 4 8ft 4 £ + o 1 fe 2 8W 2 £-o 0 )U(£,a 1 a 0 )=0 

and supposing that the conditions of differentiation under the 
integral sign are satisfied we get 

Jf(8n s u-8n s v)S(u, r){0 *// d£ a -(n a k*8n*£+a l k a 8n a £-a 0 )f}dudv=:0. 

Utilising the differential equation satisfied by f($uv) this 
may be written as : 

J J S(«,t))((8n a w — sn 8 £){ 0 2 // 0 u 2 — (n 2 fc 4 8n 4 u + ayh^sn^u — a 0 )/} 

+ (*n 2 £—8n 2 «){0 2 // 0i> 9 — (n 2 fc 4 sn 4 » + a 1 fe 8 8n 2 o — a 0 )f}] 

xdudv = 0. 


* C/. L. Ince., loc. c\t. t p. 197. 
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And by partial integration we hare 


JJ/(£ut>)[(8n 8 t>-8n 2 £) (9 2 /9u 2 -n 2 fc 4 *n 4 u-a 1 fc 2 8n 2 u+a e )S(u, v) 

+ (8» 2 £— 8w 8 m) (d 2 /9 u 2 — n 2 fc 4 8n 4 u—o 1 fc 2 8re 2 w+a 0 ) S(w,t>)] xdudv. 

+ ^ dv ^ 8» 2 w-8n 2 £) (S df/du-f J 

+ ( 8 n 2 £-8n 2 W ) (s-|£ ~fB)\ v 

= 0 . 


This equation can be satisfied if in particular S(w, v) is doubly 
periodic, bounded function of type Uj(u) U 2 (t>) where 

d 2 U j (u)/du 2 — (n 2 k 4 sn*u + a j k 2 an 2 u —a 0 ) U j («) =0 

and 

d 2 U 2 {v)ldv 2 —(n 2 k*8n 4 v + a 1 k 2 8n 2 v—a 0 ) U fl («)'= 0. 

As ai and a 0 are characteristic constants, if it be assumed that 
two characteristic solutions cannot exist for the same pair of 
characteristic constants, U, (u) and U 2 (v) may be identified 
with U(u | a t a 0 ) and U(u | did 0 ). Otherwise we can also 
proceed as follows: 

The symmetry character of f($uv) is the same as that of 
U(f | dido) for the variable £ (It is assumed that we use f(£w) 
in the cos, sin, etc., form). Hence if we assume that Ui(w} 
is equal to AU (wfa^o) + BY (ujdid 0 ) where V (ulaA,) is the 
second solution of the differential equation, and as the ranges 
are symmetrical about 0 and K, and the symmetry characters 
are different for the two solutions at each of these points, it is 
seen easily that the second solution need not appear in the 
integrals. So we obtain an integral equation in the form 

U(£|fliao) =con8 t JJU( M t a i fl o) U(v | aja 0 ) (8n 2 u—8n 2 v) f(l-uv)dudv ... (3.8) 
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the ranges of integration which have to be different for the 
two variables are as before 

—2K<u<C2K ; v from K-2/K' to K+2iK'. 

The integral equation is not necessarily the most general one 
possible, but it is sufficient for our purpose. The constant in 
the integral equation is indefinite as the latter is nonlinear. 
The value of the constant may be made definite by assuming 
that if U (£) is a possible solution, then the followiug relation 
should be satisfied: 

i MU(«) U(u)} 2 (8n 2 u — 8n*v) dudv=± 1. 

In other words it may be said that the solution should always 
be used in its normal form. The ambiguity of signs is 
retained as before to keep the functions real and need not 
trouble us. Corresponding to this identity the integral 
equation may be written as 

U(0- ±ic JJ / (£i iv) («n 2 u—8n a u) U(u) U(i>) dudv, 

where c is a constant of the integral equation. It is found 
that the integral equation has solutions which satisfy all our 
previous conditions only for certain discrete values of c. 

The integral equation in the Weirstrassian form is easily 
obtainable as 

U (a) =const ffU(/3)U( 7 ) {« (,8)—«(>)> <p (aj3y) dfidy ... (3.4) 
P from (wj-wj) to («>i +w 8 ) 
y from (w 8 — «>x) to (<i>j +o>a) 

where <f> satisfies the following differential equation and 
where <f> is symmetrical, doubly periodio and bounded and has 
bounded derivatives^ 

J; y [«(/5)-«(y)3 8 V0« 2 

[i(y)-«W] [«to-«(£)] P^/c a ffO, 

9 
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i.e.-, the same wave equation in the Weirstrassian form 
with which we started. 

In both these integral equations the nucleus satisfies, 
except for a trivial faotor, the partial differential equation from 
which we started. This is analogous to the integral equations 
for Mathieu and Lam6 functions.* 

III. (6) Till now the integral equation has been treated in 
a general form. It is easy to specify the nuclei. We have 
eight and only eight distinct forms corresponding to the four 
species of Lam6 functions or in other words to the various 
possible modes of symmetry character about the two points 0 
and K. As the characteristic function consists of two portions 
one being 

(sntf 1 (cn£f* {dn£f* 

and the other an integral function of sn 2 ij a tabular arrange¬ 
ment of the first factor may be useful. 



00 

<Tr> 

sn £ on £, 

1. 

cn £, 

cn £ dn £, sn£ cnf dn( 


dn £, 

dn £ sn £, 


The corresponding integral equations are: 


factor 1. 

U(£) = ic fj cosh (nk*tn$ ant? an £) (an^-an 2 ^) Ufa) U(£) dtjd £ ... (8.51)‘ 

factor an£. 

U(£)- fc ff (nfc 8 *n£ sntj enQ (an 2 *?-an 2 (;) Ufa) U(£) dqdt, ... (3.52) 
factor cn £. 

U(£) = -ic H sinh (nfc 2 /fc'.cn£ cn*? cnt) (an 8 *?-an 8 0 Ufa) U(£) dtjd^ 

... (3.58) 


• E. T. Whittaker, loc. cit. and Proc. Lond. Math. Soo. (2), Vol. XIV, pp. 260 «t. ttq. 
See also Modern Analysis, p. 661. 
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factor dn £. 

U(£)=tc/j8in(n/fe'.dn£ dnrj dn£)(»n 2 t)— 8n 8 £) U(ij) U(£) dijd£ ... (3.54) 

factor an £ cn£. 

U(£)= —icf/cn£ cnij cn£ sinh (ni 8 «»£ snrj «n£)(8n 8 »j—8» 8 £) V(rj) U(£) d»;d£ 

... (3.65) 

factor on £ dn £. 

U(£) = — ic f J dn £ dn ij dn £ sinh (nk 2 /k'. on £ cn»j cn£)(8n 8 »j—in 8 £) 

;x U(*j) U(£) dqdJ; ... (3.56) 

factor dn£«w£. 

U(£) = /c //«n£ *nij snt, «in(n/fc'.dn£ dn>j dn^)(sn 8 »j —*n 2 yU(ij)U(0 

d»jd£ ... (3.67) 

factor sn£cn£dn£. 

U(£)^= —fc Jj8n£ snq 8n£ cn£ cm; cn£ sin (n/fc\dn£ dntj dn£) 

(8n*T,-8n*Q U(»j) U(0 d^ ...(3.58) 

In addition every characteristic function satisfies the 
normalising condition that 

f//(8n^-an 2 U[UWU(0] 2 d^= ±1 ... (3.6) 

according as the characteristic function has not or has a 
factor of type cn£. 

The limits of integration are same for all the integrals. 

—2 K<*j<2 K; and £ is from K-2»K' to K+2/K. 

We might of course make the ranges smaller owing to 
symmetry considerations. 

The integral equations can be solved in the usual fashion 
for small values of n and sn*£. An example is given for the 
function which reduces to a constant when n is zero. 
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We assume the following expansions in powers of n: 

U (£)= (8ff/& 8 )“ i {l+n 8 U 2 (€)+» 4 U 4 (g) + ... }/(l+n 8 b 8 +» 4 6 4 + ... ) 
(8jrc/fc s ) -1 = (Sff/fc 2 )"* (l + n2a 8 + n 4 o 4 + w6a e + ... ); ... (8.7) 

after substituting these values in the two integrals we obtain 
the following equations :— 

{U 8 (£) + a 8 + 6 a } 

(«»*♦, - - + U*(«J) + u 8 (0 

26 a '=ffc 2 /8 ? r !f(an*r)-gnH) {U 2 (i,) + U a g)}d^ 

U 4 (£) + (^2 + + a 4 + a 2^2 + a 4 

*{fc 8 /8 ff //(«n 2 » J -sn 8 $) !!i!L 

+ {U 9 («j) + U t ©} fc4 8n %™* r ) 8n *$ 

+ U 4 fo) + U 2 fo) u 8 (D + u 4 (D J«. 

••• ••• ••• «•« ••• 

Ml ••• ••• ••• ••• 

These equations lead to the following values provided 
we assume that U 2 (£) A U 4 (£), etc., have no constant term : 

U a (£) = fc 8 *n 2 £/6; a a = (l + fc 2 )/18=6 2 . 

U 4 (£) = fc 4 «n 4 £/5! + (! + fc 8 )fc 8 . 2 j 0 ,8n 8 £. 




••• ••• ••• ••• ••• 

••• ••• ••• ••• 

Much of the work is reduced by using Legendre’s 
equality; 

EK'+E'X-KK'=;r/2 

in the usual notation, or in the integral form as used here 

» U(tn*r)-»n%)dr)d1>=8nlk a . 
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III. (c): Asymptotic Expansions for large values |sn£|. 

It is possible to obtain the asymptotic expansions for 
characteristic functions with the help of the integral equations 
for large values of |sn£|. At present we shall confine our¬ 
selves to real values of s n 2 £. In the integral equations the 
nucleus is a rapidly oscillating function if sn*£ is large and 
negative. The method of stationary phase introduced by 
Eelvin would be necessary to evaluate the integral. When 
sn*£ is large and positive we deal with exponentials of real 
quantities and simpler calculations lead to the asymptotic 
expression. 

For the purpose of this subsection it may be assumed 
that the values of the characteristic function for small values 
of sn s £and the values of the characteristic constant are known. 
The integral limits may conveniently be taken as 0<ij<Kand £ 
from K to K+iK' and suitable factors of 2 are introduced. 

Let us consider the first integral equation 

U(£) = 16ic //cosh (nfc a «n£ snrj «ng(8n a f;-«n 8 0U(>/)U(C)d^. 


The points sn^ssl and sn£=l, or sn£=l/fc are station¬ 
ary points. Of these it can be seen that owing to the factor 
(snV“Sn a £) the dominant term of the integral would be 
contributed from the neighbourhood of the point s?t7j=l; 
sn£=l/fc. The line of integration for £ may be divided into 

two sections at sn 8 £= -^^- , so that the contributions about 

the two stationary points may be considered separately. The 
integral is therefore 


/•K /»K + «K’ 
16tol I cosh i 
Jo Jff+iG 


(nk*m( sni) 8n£) (8n 2 r] — m 2 {) U(t/) V(()dr)di 


/•K fK + iG 

+ 16tcl I 0O8h(nJc a 8n{ 8ntj 8n()(8n s rj-8n s ()U(ij) l)(()drid( 

Jo Jk 


=lj+l 8 , where sn»(K+{G)=(i+fc a )/2fc a . 
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Let us consider the first integral I ]a In the integrand, 
(snV“ sn s t)U(i?)U(£) is bounded and has limited total fluc¬ 
tuation in the interval of integration 0<i?<X.K; £ from K-HG 
to K+iK', the singularity of the term being at 17 or £-* tK\ 
Let us introduce new variables so that 

snv=l-&'V/2; 1/fc. (l-fc' 2 £2/2) 

Then the integrand becomes 

cosh [»fc 8n£(l-fc' 2 p 2 /2)(l-fe'2r 2 /2)]*(p, r) 
lx [(1 — fc' 2 p 2 /4) (l + fc 2 p 2 -fc 2 fc'V/4) (l-fc' 2 r 2 /4)xj 
(1—r 2 + fc' 2 r 4 /4)] — ^ dpdr. 

where <£(/>, t) is the function obtained by the above trans¬ 
formation on (sn 2 r)-sn 2 OU(y)U(£). The new ranges of inte¬ 
gration are 

0<p<V2T/fe';0<r<i/ a {l+V(l + fe 2 )/2}. 

It can easily be seen that in the ranges of integration 

[(l-fc 2 p 2 /4)(l + fc 2 p 2 -& 2 /c'V/4)(l-fc' 2 T 2 /4)(l-r 2 + /b' 2 r 4 /4)]-l 

is bounded and has limited total fluctuation. Hence the inte¬ 
grand satisfies the condition necessary for the application of 
the method of stationary phase.* 

If further we introduce the variables so that 

p'2+r' 2 = p2+T 2 -fc' 8 p 2 7 8 /2 

9O’, r) _1 

9 (p\ r' ) 

the integrand can be put in the form 

cosh [nfc «n£{l— ^ (p' 2 + r' 2 )}] F (p>, r')dp'dr 
£ 

* G. N. Watson, Bessel Funcutiona p. 197. 
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where F(/>Y) is a bounded function with limited total fluc¬ 
tuation. The actual value of the integral is deducible with 
the help of Fresnel’s integrals 


f C . 09 7TX 2 dx = ~ . 

Jo 8in 2^2 

The second integral may also he discussed in a similar 
fashion. 

The leading terms may be written as 

I x _ 16cfc' 2 //c 2 U(K)U(K+iK') 


irk sin v/k 
2vW~ 


+-tl+K 8 [4 8 /2 +U'(K)/U(It)]j (2ft/»fc' fl ) S 


+|l-(K'-G) 8 (i+C"(K+iK')/U(K+iK') )j4 ^Zo j (w»f*) ,, » 

./4j] 

I 8 _ 16 o{U(K)} 9 V»r/2. (»/»fc' 9 ) 3/a 
£ K sin |*(l-^j^-) + «r/4j- 

-G J-J 

where iv ■» n/c J sn£; and v is supposed to be positive. 

Both the integrals are taken up to »“$ . The dominant 
term, of order v~ l } 

= 8ff0 U (K) U (K+fK') a ? p v J k * 

vk 
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We oan also find the asymptotic value of the characteristic 
function when sng is real and large. As far as physioal 
applications are concerned it is unnecessary as it corresponds 
to a quadric with all its axes imaginary. But it proves 
useful for the demonstration that the differential equations 
have only one characteristic solution. It is sufficient to 
derive only the dominant terms. 

Let sn£ be positive. In the integral 

16icf J cosh (nk a sn$ sntj sn£) (sn 2 >; — 8n 2 £) U (rj) U (£) dijdt,. 

nk 2 sn£ snrj sn£ has a maximum value equal to nk sn£. We 
can write the cosh expression as a sum of two exponentials. 
The term with the factor exp( — nk 2 sngsnr) sn£) is seen to be of 
a far smaller order than the term with the factor 

exp(nk 2 sn£ smj snQ. 

In 

U (£)=*16ic exp (nksn£) JJca :p(—nksn() x' 

cosh ( nk 2 8n£ stitjsnt) (sn a t]—8n a t) U (>;) U (Q dpd^ 

the important contribution is from the neighbourhood of 
rf = K; £«= K + tK' and very simple calculation gives the 
leading term as 

U(K)U(K+iK') 

When sn£ is real and negative we use the other exponential 
term which we neglected in the above case, and we obtain a 
similar dominant term. 

It is sufficient to give only the dominant terms for the 
other fuctions when sn 2 £ is large and negative. 

factor sn$ iv*=nk 2 sng. 

16 ck'*/k*. U(K)U(K+lK') ff ft t ’ 
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Factor c» 

sin (nfccn£) om jtting all constants 
ncn£ 

Factor dn 

Sin (ndn£/fe)/nc7n£ 

Factor cn 

cn£ sin v K 2 /4 sin (v — uK 2 /4 — ir/4)/v$ 

where 

v = nksn£. 


The other functions are not given here as they are quite 
similar. When sn 2 £ is large and positive, i.e., g is on the 
line iK' it would be convenient to express all elliptic functions 

in terms of sng as | sng | -» | eng | *-»£- | dng | . For simpli¬ 
city, we may suppose that sng is positive, without losing the 
generality. 

The characteristic functions of the first species have the 
asymptotic form leaving off all constant factors : 

exp (nk 8n$)lsn£. 

Second species: 

exp (nk 8n£)/sn£. 

Third species: 

exp (nk sn$) / V *«£ • 

Fourth species: 

exp (nk 8n(). 

Let us consider the value of the function on the line 
iK'+e. Let e >0, and be small. All the functions have the 
dominant term given by an expression of type exp(nksn$)\ 
(sn()~ 8 where s is some constant depending on the species. 
The corresponding asymptotic expression for the second 
solution of the differential equation would be given by 

V(f)-U(£)ff dt/{V(t)}» 

JiK+° 


10 
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where +0 is put to show distinctly that sn£ is large and posi¬ 
tive. The behaviour when sn is large and negative could be 
obtained from considerations of symmetry. The order of the 
above integral can be obtained as 

V(£) const, exp (—nk sn() . (sn£) 2 ' *. 

This asymptotic expression for the second solution is bounded 
as sn( tends to + <x while all the characteristic functions 
become infinite for the same values of sn$. Hence the second 
solution of the differential equation must be falling in a 
separate category, quite apart from the characteristic 
functions. 

IV. Asymptotic expansion when n is large. 

The methods developed by Horn and Jeffreys* for the 
determination of the asymtotic solutions of differential equa¬ 
tions have been so fruitful in many instances that it appeared 
worth while to apply similar methods in the present investi¬ 
gation, and obtain asymptotic expressions for large values of 
n*. It may be remarked incidentally that the calculation 
involved in this method is considerably less than for the other 
methods. 

In d 2 U/<f£ 2 — (n 2 fc 4 8» 4 f+a 1 fc 2 s» 2 f—a8)U = 0 

we assume 

U=cxp(nX). Y {l+/i/n+/ 2 /n 2 +. } ... (4.10) 

where X; Y; f,; f 2 ;.are functions of £ only. We also 

assume that 


flj =a_ 8 n 2 + a_in+a 0 +aj/tt + a 2 /n 2 . 

a 0 =)8_ 2 n a +/8-in + i8o+j8i/n+/3 2 /n 2 .. >£*? 


(4.11 & 4.12) 

* Horn, Math. Annalen, Vol. 52, p. 842,1899. Jeffrey Proc. Load. Math. Soc„ 
t Vol. XXTTT (Ser. 2), p. 428; see also Goldstein, Trans. Phil Soo. of Cambridge, 1927. 
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Substituting in the differential equation and comparing 
the coefficients of the powers of n, we have the following 
equations : 

X'* - fc 4 s» 4 £- a_ 2 fc 9 8n 2 £+0_ 2 =0; (4.21) 

2X'Y'+YX" - (a_ x fc 2 sn 2 £-/3_ x ) Y=0; (4.22) 

Y"+2X'Y/', - (a 0 fe 2 8n 9 £-,3 0 )Y=O; (4.23) 

where the primes denote derivatives with respect to £. The 
first equation is solved by choosing a_ 2 and /3_ 2 so that X is 
doubly periodic. The other equations are then treated 
similarly. 

From (4.11) 

X'= ± Jv(fc 4 8n 4 £+d_ 2 fc 2 8n 2 £-/3 2 )d£. 

It is seen that X has three and only three forms when it 
could be doubly periodic. Each of the three forms leads to 
an asymptotic expression and to corresponding constants 

For X=±fc8n£; 


X' 9 -fc 4 «n 4 £+fc 9 (l + fc 2 )8n 2 £-fc 2 =0 ^ 

... (4.31) 

So a_ 2 = — (1 + fc 2 ); /3_ 2 = -fc 2 J 

For X= ±ikcn(. ) 

... (4.32) 

a -a~ -i; ^-2=0 J 


For X= ±idn( Y 

... (4.33 

s_ 2 = — fc 9 ; |S_ 2 =0 ) 


From (4.22) 

. log (YX^)-iJ(a. 1 fc 9 8n 2 £-y3_,)d£/X'=const. 

... (4.41) 


We may choose the most appropriate constant by its 
simplicity. Its value multiplies the whole function by a 
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constant, and hence would not be very important for the 
form of the asymptotic expression. 

IfX= ±kan£ 

Then 

log [Y(cn£dn£)*] 

= - 2 ^ /2 l>-ifc 8 -ff-i) log{(l+8n£)/cn(} 

-(a _,log {{l+ksnfl/dnt;}] 

Hence 

provided 

a_i7i2-/3_ 1 =2fcfe' 2 (I + i) 

o_j ~/8_j = 2fc ,2 (w + J) 

It is easily seen that Y is doubly periodic and symmetri* 
cal or anti-symmetrical about the various points only if l and 
m are integers. Let Yu and Y 2 be the values of Y with +ve 
and - ve signs. ,We have for large values of n compared with 

tv 

U(£)_A exp (rik «nf).Y, +B exp(-nA;sn£)Y 2 
Yi«) = Y 2 (-i) 

HU(f)- ±U(-f); then B = ± A. 

U(£)*—>A[Yj exp(n&*n£) ± Y 9 exp( — nksn$)] 

giving the even and odd functions. The solutions fail 
completely at £bK or K-HK' and Stoke’s phenomena oocur 
at these points. 


( 


1 + J{sn£ \ 
dn$ ) 


+ (w +1) 


} 


... (4.48) 
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We may obtain the next approximation as follows: 

From (4.23) we have 

2f'x+Y l, IYX'—(d o k 9 8n a £—f3 o )IX , —0 
Or 2f x +Y'/YX'+f{Y'/Y. (Y'/Y + X"X)-a 0 fe 2 8n s *+/? 0 } ^ =0 ... (4.51) 

We leave off the constant of integration as before. The 
above partial integration simplifies the calculation. 

In particular for X= ±:ksn£ 
we have: 

2/j + 1/fc. [({+ £) lcn*t- (m + 

±8n£(dn i (+k 2 cn i £)/2k cn 9 (dn a £ 

±an£/2fc. [(i 9 + l)/cn*t) + (m 2 + m)/dn a £] 

± 1 lkk' a .{p 0 -2k(! + \)(m + D- (a 0 + i)k* + \k' 9 (l* + 1 +!)} 

; x iogr{(l + 8 nf)/cn£) 

± l/fe' fl . {/3 0 - 2fe(i + *)(»» + i) - (ao +1) -P' 2 (m> + m + i)} 

;x iog{(l + k8n£)jdn£} 

= 0 . 

We determine a 0 and /3 0 as follows : Let / l4 and / t _ be 
the values corresponding to and —nksn( = X respective¬ 

ly. Then to a second approximation the asymptotic 
expansion is (neglecting terms of order 1/n 2 ) 

U(£)«-»A exp(nfc8n£)(l + / 1 + /n)/Y + B exp (-M&8nf)(l+/j_/n)/Y. 

Consider the solution for points on the line K+io where 
<r is real and £'>10-1. On the half line below the real axis 
the constants may be taken as A' and B'. We find the rela¬ 
tion between the two sets of constants by the symmetry 
about £. But it will be found that it is not possible to have 
non-zero values of A, B, A' and B' with the Symmetrical 
property unless the logarithmic term iog{(l + s»*)/cwf} has its 
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coefficient zero. Hence we equate the co-effioient to zero. 
Again considering the symmetry about K-H‘K' for points 
lying parallel to the real axis the co-efficient of the other 
logarithmic term is found to be zero. The required criteria 
are that the co-efficients of the logarithmic terms must be 
equated to zero. Similarly in the higher stages of approxi- 
mations also we successively put the co-efficients of logari¬ 
thmic terms to zero and also determine the successive 
approximations of the characteristic constants. 

Hence 

a„ + l/2 = —^(Z 2 +1 + w 2 + ?w) 


|3 0 = + (d 0 + l/2)+2fc(/,+l/2)(w+ l/2) + l/2Zc ,2 (rw 2 + rn + l/2). 

The case of X= dbksng has been given in more detail 
than the other two cases as it appears to be the more 
important one. The other two functions can be written down 
without much explanation 

For X= +ikcn( 

, ,,, . v ±(Z + l/2). J( , .. . . +(m + l/2) 

!±5*.) (4£*) ... »«> 

j8_j= -2ik(l+l/2); d_ 1 =2A;' (m+1/2)- 2ik(l+ 1/2) ... (4.45) 

/3 0 =2(Z+l/2)(m + l/2)t7ck'—1 /2(Z 2 + Z + fc 8 + l/2) 
a 0 — — (Z 3 +Z)/2— (m 2 +m)/2 
/ x = i/2k [(Z+ ift)/n't -(m +1 /2)ikk'/dn 2 t] 
±cn£{dn 2 (—k 2 8n 2 £)l4ik8n 2 tdn 2 i 
+cn( [ (Z 2 +Z) /«n 2 £—(ra 2 +w)Zc 2 / dw 2 £] /2t7c 


X= +fdn£. 


P-i = —2tfc 2 (Z+l/2); a_!= — 2ik'(m +1 /2)—2i(Z +1 /2) 


fi—i{(l+ll%) I an 2 (—(m+l I2)k' j cn 2 {}/2k 2 
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+dn((cn 9 £—8n*()/4ik 2 8n 2 (cn 2 t 
+dn£{(l 2 +1) 18n 2 (— (m 2 + m) I cn 2 () /4 ifc 2 
/3 <> =2k , (J + l/2)(TO + l/2)—1/2(Z 2 +/+3/2) 
a 0 fc a = - (J2 + k*)/2 - (to 2 +w)/2. 

There is an important point yet to be noticed. In the 
choice for X it has been said that it should be doubly periodic, 
and we obtained three possible values for it. Given the 
value of X the rest of the steps follow simply from considera¬ 
tions of symmetry or doubly periodic property of the result¬ 
ing functions. Consider U(£) for a given value of n. Its 
asymptotic expression for large values of sn 2 £ has been found 
by the application of the method of stationary phase. In 
every case we found that we had the asymptotic expression 
in terms of nksn€, nkcnt or ndn$. Hence the method of station¬ 
ary phase would be quite applicable even when | sn$ | is large. 
The Horn-Jeffreys approximation gives the asymptotic 
expressions in terms of the same values for large values of n. 
Hence the asymptotic expression derived from large values of n 
becomes better applicable for large values of | snt J. Hence for 
sufficiently large values of / snt [ and n the asymptotic ex¬ 
pression derived from the method of stationary phase must 
approximate to that obtained in this section for large values 
of n. And at least the dominant terms must be identical. 

Leaving off all constant factors the dominant term 
obtained by the method of stationary phase is 

(ink 8n()/nk3n£ 

when sn 2 € is large and negative, and 

exp (nfcsnf) /nsn$; exp (—nksn()/n8n$ 

when sn{ is large and positive, and negative respectively. 
To the same order of approximation^ the expression derived 
in this section is 


exp (±nk»n$)/8n(. 
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The other functions like those having a faotor cn( and 
dnt give dominant terms with expressions of form 

exp (±ink en()/cn( 

exp ( ±indn£)/dn$. 

/•nf/-»/cnf/-» | dn( | /h 

when sn 2 ( is large these expressions are not different from 
those already obtained. We may start with any of the three 
possible values for the expression X, namely, 

= +fcan£, ±ikcn£ or ±tdn$. 

All the three possible values for X are doubly periodic 
functions of t. These three expressions exhaust the possible 
values for X. The relations between these three possible 
asymptotic expressions to the other functions obtained in this 
essay can be obtained by comparing the asymptotic expressions 
obtained for large values of n and sn 2 £ in this and previous 
section. 

Prom the three possible asymptotic forms it can easily 
be seen that the characteristic constants of the differential 
equation and asymptotic expressions are real only when 
(i) when n is purely real X= ±ksn£, ( ii ) when n is purely 
imaginary X= The third case when X= ±ikcnt the 

characteristic constants are always complex. 

But we know that in the infinitesimally narrow strip when 
n 2 and sn 2 ( are real the characteristic constants are real. 
Hence we need consider only X= ±/csn^ when n 2 is positive 
and X*» when n 2 is negative. In such cases the 

asymptotic expressions are also real. 

It gives me great pleasure to acknowledge the encourage* 
ment I received from Prof. J. E. Littlewood, Cambridge, 
and Dr. E. P. Metcalfe, then Principal, Central College, 
Bangalore, during the course of the work. 
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Transport Phenomena in Degenerate Gases and 
their Bearing on White Dwarfs. 

By 

A. Ganguli and P. Mitra. 

(Received for publication, March 22, 1934.\ 

Abstract. 

Methods for the study of transport problems due to Maxwell and 
Chapman have been extended to the degenerate gases by applying the 
new statistics due to Fermi and Dirac. In order to apply this to an 
assembly of electrons and ions, Perisco’s method has been adopted using 
known data for white dwarfs. Calculations are given for the companion 
of Birius and cyEridani for different central temperatures. 

Recently Kothari studied the transport phenomena in dege¬ 
nerate gases by applying Boltzman’s method 1 and considered 
the case of inverse square law according to the method due to 
Chapman.* In a later paper 8 he indicates the possibility of the 
application of his result to white dwarfs. Since the problem is 
of vital interest not only to dwarf stars but even to the ordinary 
giant stars, which according to Milne 4 possess a degenerate 
core, in the present investigation we shall study the problem 
afresh after the more powerful method due to Maxwell and 
Chapman 8 and in the application to stellar models we shall 

1 Kotbari, Phil. Mag., 13, 361 (1932); see also Uehling and Uhlenbeek, Phya. Rev., 
<8, 652 (1988). 

* Chapmen, M. N., 32, 291 (1922). 

3 Kotbari, ibid, 03. 

* Milne, ibid, 91, 4 (1980). 

3 Maxwell, Collected Worka, II; Chapmen, Phil. Trana., 21M, 279. 

11 



82 


A. GANGULI AND P. MITRA 


adopt the more rigid method of Perisco 6 instead of Chapman’s 
approximation of the inverse square law. 

In the new statistics the number of molecules per unit 
vol. is given by the well-known formula 

dad * di - 

the distribution function ^ = Ae u/feT +1 ~* the symbols A, u, k 

and T having their usual significance and plus or minus sign 
is to be taken according as the Fermi-Dirac or Bose-Einstein 
statistics is followed. 

The average value of any property P is 


p- m?d4d$di 
jtfFdidjdt ‘ 


Hydrodynamical Equation of Continuity. 

SAftth our new value of P and following Maxwell’s method 
we obtain the usual hydrodynamical equation of continuity, 7 viz., 

++ - < 3 > 


for the steady state, where x 0 etc. are the velocities due to 
mass-motion and n the number density. 

For the gas not in the steady state we have the general 
equation 



5.fx|Z+yl£+z|^"]+AP. 

m 0* dp d* J 




• •• 


(4) 


• Perisco, M. N„ 86, 98 (1926). 

7 Jeans, Dynamical Theory of Gases (Cambridge), 4th Ed., Chap. IX, p. 281. 
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The second term in the above expression is due to the external 
force and the last one due to collision. 

By usual methods of transformation we obtain finally 

#=2[-£ ( ” {P)+ ^4l] +AP - (6) 

where 

d _d a . . a , t _a_ 

D t dt °dx Vo dy °a*‘ 

§ denotes the summation with respect to x, y, z ; £, y, £ are 
the components of the molecular velocity. 

In the case of transfer for a single gas ^P = 0 and eqn. 
(5) reduces to 

’‘^=-[err <nf!,+ 8 i - (6) 

and corresponding equations for y and z, putting P equal to 
*> and * respectively. 

Eliminating X, Y and Z from the equations (5) and (6) 
we have the final equation 

rDP _ OT D* 0 _ 8P~ D^o _ 8P D*q * 1 
|^Dt a<»0 Dt Oft, Dt e*o J 

... (7) 

Taking P=<»* we have equation (7) in the following form 

"Tr<® ; — ( ” r,) Sir m 

+ ... (8) 



84 A. GANQULI AND P. MITRA 

Now 

= and fc-rf-ff-O. 

Substituting these in equation (7) we have 

f PF_ 6P Da> 0 _ aP Dj>0 _ 3P D*o~| 

[Dt Qtt 0 Dt Qj/ 0 I>t 9* 0 Dt J 

= + (~A,] + ^P ... (9) 

and from equation (8) we have 

n - g ^ = - 2 rcA -|^+^ 2 ... ( 10 ) 

Dt Qx 


and two other similar equations. 

Adding these and remembering that ^ 


have 


a DA_ , 9^o , 9< 0 \ 

8 Di- 2 A Var + 9y arr 


2 +* 2 )=0 we 
... (ID 


DA 


On eliminating between equations (10) and (11) 


»A 


f 2 |iLo— 

iff*® 

, + a,o + a<»\" 

dx 

3 \9x 

9 y 9z /_ 


... ( 12 ) 


Incidentally we may note that from equations (3) and (11) we get 


An - 3=0 

since X=~ for the classical as well as for the degenerate case, 
we have the general law of adiabetic motion 
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We now proceed to calculate the average values of £P for 
P®*j) and obtain finally 

... (14) 

We next consider the case of P=*(* 2 + j>*+**) 

P =i 0 (i 0 J +^ 2 + , o 2 ) + 5V 
^P=(8i 0 8 +^o a + ‘o 2 )A+^« a + v 2 + C 2 ) 

— 15 

£ 4 =~ X 2 for the degenerate case. (It may be noted that for 
classical case £ 4 =3X a ) 

J* j} 2 = £ 8 = ?A 2 (=A 2 for the classical case) 

W+?*+{;*)=Vx 8 (-6A B „ „ )• 


Hence we have 

^<»(<*(<* 2 + ^ 8 + « 2 ) 


- -^[*H*H(S? + $?+S£)] + *^fJ ,+ SJ*) 


(15) 


For the classical case the last term in the above equation (right- 
hand side), has for its numerical coefficient 5 instead of 15/7. 

Calculation of ^P. 

The dynamics of collision according to the new statistics 8 
takes the form 

— ^jd* l dt/ 1 di l d* i d$ a di< ! ,. 

V[P ]pdpdk ... (16) 
• Nordheim, P. R. S., 117A, 268 (1937). 



86 


A. GANGULI AND P. MITRA 


pdpde— 



_4_ 

V*" 1 adade 


(17) 


the symbols having their usual meanings. 

In the case of interaction between electrons and atoms the 
additional correction term in the distribution functions may be 
neglected. 

Proceeding by a method analogous to that of Maxwell and 
Chapman we get the following expressions for the coefficient of 
viscosity ( k), conductivity (&) and diffusion (D) considering 
the inverse fifth power law. 


v 

K= — 

pn 


... (18) 


where p is pressure and p i =2'\/2mK. A 2 ; A 2 = 7r f Sin 2 ffada and 
ff is the angular deflection after collision. 


3=— kC v 
14 


»=§- « C e 


(degenerate case ) 
(non-degenerate case) 


I>i9=r- 


_ 1 _ +m 2 

n Wj w 2 A^nj+nj) K 


For a single gas 


where 


D = 

fM 2 m 4 Ai 


A|=4jt J COS* ^ a da. 


(19) 


Inverse Square Law :—In the case of an assembly electrons 
and ions the attractive force varies according to the inverse 
square law and the above results are to be modified as follows :— 
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Instead of equations (16), we have 

AP=/...JF 1 F 2 d* 1 dy 1 da, dz a dy a d* 2 V. J„, 

where 

J p—2it f [P] pdp. 

For all practical purposes we may take V out of the integration 
sign as V (average V = as are done by Chapman and by 

Perisco. Strictly however this is not permissible. 

We then have 

AP=V f...f Fi F 2 d* x dft da 1 dx 2 dy 2 da 2 J p. 


Proceeding as before we have 

A*=V»|» a A x {.* o2 -* ol ) 
where 

Aj =4 jt f cob 2 — pdp 
& 


AA* = JnV 1 (-2£ 2 +»j 9 +$ a ) 




A*(* a +? 2 +* 8 )=Sp 1 n 2 {4 0 (p+,*+p) +«.«) 

+*!• + {*)} 

where 

4l = SVA 2 

and 

A 2 =jt f Sin* 0 * pdp. 

We then have the same old forms for co-efficients of visco¬ 
sity and conductivity as before with the modified values of 
ft, At and A 2 . 
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Numerical Calculations. 

In order to calculate A x and A a instead of taking the law 
of inverse square for the point charge as was done by Chapman 
we considered a distribution of charge according to Debye and 
Hiickel as assumed by Perisco. We then proceeded to find out 
the potential and evaluate the integral 


MV.p) 



2£t_. w x +m 8 / p ^ 

V 2 m,m 2 ) 


by a graphical method for the cases of Sirius B assuming the 
central temperature to be of the orders 10 7 , 10 8 and 10® and for 
c 2 -Eridani with central temperature 10 8 assuming that the stellar 
matter is composed of completely ionised Ca-atoms.® The 
integrations involved in A x and A 2 were subsequently carried on 
graphically. The physical constants for the two white dwarfs 
are given in Table I 10 and the computed results in Table II. 


Table I. 


Name of the 
star. 

Density 

xlO-* 

Electron number 
density. 

Velocity x I0'**® 

Probable central 
temp. 

c^-Eridani 

9*8 

2-65 x 1028 

8*174 

108 

Sirius B 

5*0 

1-303 

6*536 

10® 

»» 

»» 

»» 

»» 

108 

»♦ 


»> 

- 

107 


9 Ganguli, Current Science, Dec., 1982, also Jan., 1984. 

10 Jeans, Astronomy and Cosmogony. In calculating n the average mol. wt. was 
taken to be 2*2. 
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Table II. 


Name of the 
star. 

Temp. 

! 

n. x10"« 

Diffusion 

D. 

ViBcoaity 

K. 

Conductivity 
& x 10»«. 

•a Eridani 

108 

2*55 

3-621 x 10*9 ! 

1*466 

2*458 

Sirius 6 

109 

1-303 

1*937 

52*05 

2*95 

»i 

10* 

»» 

1*071 

28*73 

1*629 

>» 

1-37 x 10? 

»» 

1*121 

69*02 

3*819 


The densities of the two other known white dwarfs 
Procyon B and Van Mannen’s star are so high that these lead to 
velocities comparable with that of light and relativistic considera¬ 
tion are to be introduced for these. We intend to discuss these 
cases in a subsequent paper. 

From Table II it is interesting to note that D, k and a 
are affected but little by the variation of temperature for the 
same star. The density however has a marked effect and this 
is the decisive factor in the degenerate state. For instance k 
in contrast to the classical case is found to decrease with the 
number but slightly increases with temperature as in the classi¬ 
cal case. A detailed discussion of the bearing of these on stellar 
structure will be given elsewhere. 


COLLBGB DUPLBIX LABORATORY, 

Chandbbnaoorr. 

1st March, 1984* 
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The Budde Effect in Halogens 

By 

T. S. Narayana. 

(Received for publication, March 10, 1934.) 

Abstract. 

Experiments on the Budde effect in Halogens Cl 3 and Br 3 were made 
under varied conditions. Budde effect was found absent in dry gases. 
Experiments were made on pure dry Cl 3 enclosed in a pyrex bulb where all 
heat losses from the glass walls were arrested; and photo-expansion was 
observed. Dry air + dry halogen mixtures showed expansion on illumina¬ 
tion. The Budde effect was found absent in the band absorption region. 
All the existing theories are reviewed and discussed. A mechanism based 
on the theory put forward by Born and Franck for the formation of a 
homopolar diatomic molecule is given and the divergent results of the 
various workers are reconciled. 

In 1871 Budde 1 observed that chlorine and bromine suffer 
an expansion, when exposed to rays of high refrangibility; and 
he explained it as due to some loosening of the binding forces 
in the molecule. The experiments of Mellor, 9 Shenstone, 8 
Bevan, 4 Baker,® as well as those of Caldwell,® Richardson, 7 
and Pringsheim 8 on this Budde effect in chlorine, have disclosed 
the fact that dry chlorine showed no expansion inspite of its 
absorbing the radiations of visible spectrum. On the contrary, 
the recent work of Kistiakowsky, 9 Martin, Cole and Lent 10 
showed that the dry chlorine also exhibits the so-called Budde 
effect, or photo-expansion. Likewise the Budde effect was 
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studied by Ludlam, 11 Brown and Chapman,” Matthews " and 
in a more quantitative manner by Lewis and Rideal, 14 in the 
case of bromine. The results obtained by Brown and Chap¬ 
man “ as well as by Matthews 18 in the case of dry bromine and 
dry air mixture differ entirely from that of Ludlam 11 and Lewis 
and Rideal, 14 who observed no expansion. Recent work of 
Kistiakowsky 15 showed a definite expansion in the case of 
bromine even on drying. 

It is generally assumed in all the photo-chemical reactions 
of chlorine, that moist chlorine absorbs light energy which is 
subsequently converted into translational energy, while in dry 
chlorine, the absorbed energy is given out as isochromatic 
fluorescence. This was the explanation given by W.eigert 19 for 
the absence of Budde effect in dry chlorine. A similar explana¬ 
tion was offered by Lewis and Rideal in the case of dry bromine, 
who claim to have found a difference in the absorption spectra 
and the light-scattering power of moist and dry bromine. But 
the experiments of Kistiakowsky 15 and Ludlam 17 in search of 
isochromatic fluorescence or resonance radiation gave negative 
results. Moreover, no difference in the absorption spectra or in 
the light-scattering power of moist and dry gases was found. 

If the dry halogens absorb light, one of the following must 
take place: 

(1) The absorbed radiant energy must be converted into 
thermal energy, about which there is a controversy. 

(2) The absorbed light must be re-emitted as isochromatic 
fluorescence or resonance radiation for which there is no experi¬ 
mental proof. 

(3) The absorbed light energy must bring about a change 
in the physical properties of the halogens for which there is not 
the slightest evidence. 

Thus the cause of the Budde effect remains unknown. 
Especially, in view of the divergent experimental results, the 
present investigation was undertaken to know exactly the 
mechanism of the light action on moist and dry halogens. 
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Experimental. 

Preparation of Materials:—(1) Pure phosphoruspentoxide 
was prepared by purifying Kahlbaum’s pure phosphorus 
pentoxide according to the method of Finch and Fraser (Journ. 
Chem. Soc., p. 117, 1926). It satisfied Beck and Shenston’s 
criteria for purity. 

(2) Preparation of chlorine :—For experiments on pure 
moist chlorine, gas from the steel cylinder was passed through 
potassium permanganate washers and fractionally distilled. 
The middle fraction was used for the experiments. For experi¬ 
ments on pure, dry chlorine, it was prepared by the action 
of pure hydrochloric acid on Kahlbaum’s pure potassium 
permanganate. The chlorine thus liberated is passed through 
potassium permanganate washers and heated calcium oxide to 
free it from hydrochloric acid. It was afterwards purified by a 
series of fractionations in vacuum using liquid air to condense. 
The middle fraction was retained each time. This fraction was 
finally liquefied over phosphorus pentoxide prepared as above ; 
and dried perfectly. 

(3) Bromine :—Pure bromine was prepared by distilling 
Kahlbaum’s pure liquid bromine over zinc oxide. 

Apparatus and mode of operation .—Experiments on moist 
chlorine were made in an all-glass apparatus, shown in Fig. 1. 
The pressure increase on illumination was observed by means of 
an all*glass spring manometer—sensitivity O'l mm. The mano¬ 
meter was made by blowing a very thin-walled bulb and 
collapsing one side as symmetrically as possible. 

The whole apparatus was evacuated by means of a Topler 
pump. Care was taken to maintain pressure inside and outside 
the manometer nearly same (as the manometer cannot stand large 
pressure differences). The pressure inside the apparatus was 
qualitatively known by the length of the dark space in the 
discharge tube to be less than 10 -4 mm. Hg. The condensable 
gases were condensed by a liquid air trap, and the uncondensable 
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Fig. 1. 


D -• Discharge tube; 

L. 8=Light sourcee; 

P.R.« Pressure regulator; 
L=»Liq. air trap; 

H=* Mercury manometer; 
M=Manometer casing; 

P~ Pointer (glass); 

G = Glass spring manometer. 


gases were pumped out. After this operation was finished, the 
pump line was cut off by sealing the constriction C. 

Chlorine was introduced through the tap T (which is 
lubricated with P 2 0 5 grease as chlorine attacks the organic tap 
greaBe), the tap Tj being opened to atmosphere in such a way that 
the rate of pressure increase inside the glass manometer is the 
same as the rate of pressure increase in the manometer casing M. 
When the chlorine pressure in R was approximately 1 atm., the 
chlorine line was cut off by sealing constriction Cj. 


Results. 


Light from a 1000 watt Tungsten filament lamp kept at 
40 cms. distance from R, after traversing a water cell 15 cms. 
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long to cut off the less refrangible heat rays, was allowed to fall 
on the reaction vessel R; and the pressure increase was observed 
by the movement of the manometer pointer, which was viewed 
through a microscope. Pressure outside the casing M was 
regulated, and the pointer was brought to its initial position; 
and the reading on the mercury manometer was taken. Thus by 
using the glass manometer as a null instrument the pressure 
change was directly read in terms of mms. Hg. The results for 
the photo-expansion in moist chlorine are given below. 


Table 1. 

Pressure of chlorine 1 Atm. 
Sensitivity of manometer O’l mm. 


No. of hours 
dried. 

Time of 
exposure. 

Expansion. 

Contraction time 
(light off). 

Remarks. 


Secs. 

mm. Hg. 



Obrs. 

0 

00 

55 seconds 

The data were reproduced 





five times without any 


2 

01 


deviat'ons. 


6 

0*2 




15 

03 




25 

04 

i 



40 

0-6 




60 

0-6 




70 

0*6 





Steady 




Chlorine was allowed to dry on the P 2 0 5 kept at the bottom 
of the reaction vessel by liquefying, before taking readings; and 
the following results were obtained. 
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Table 2. 


No. of hours 
dried. 

j 

Time of exposure 
in seconds. 

Expansion 
in mm. Hg. j 

Contraction time 
(light off) seconds. 

Bemarks. 

48 

80*40 

0-6 

43 

Data reproducer, 
five times. 

96 

60.70 

0*3 

75 

»» 

144 

60*70 

0*2 

68 

t $ 

192 

60*70 

01 

65 

>> 

384 

60-80 

01 

68 

»» 

406 

70*80 

01 

70 

»» 


Influence of pressure on the photo-expansion in chlorine .— 
This was studied by liquefying chlorine in the small bulbs and 
sealing them off at the constrictions (care was taken to reduce 
the pressure in M simultaneously at the same rate as in R). 

Sensitivity of manometer O'l mm. 

Light sourceJlOOO watt lamp. 

Distance between lamp and reaction vessel is 40 cms. 
Length of water cell 15 cms. 

Table 3. 


Pressure. 

Time of Exposure. 

Expansion. 

1 atmosphere 

40 second! 

0*6 mm. 

* .. 

40 „ 

08 „ 

* .. 

40 „ 

> 01 „ 


At every pressure, the results were produced three times. 

Influence of wave-length .—Wratten light filters were inter¬ 
posed between the reaction vessel R and the water cell in the 
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path of the light beam. Pressure changes were observed as 
before. 


Table 4. 


Wave-length 
region mm—MM 

Time of Exposure 
Seconds. 

Expansion, 
mm. Hg. 

Remarks. 

300-670 

; 

40 

0*3 mm. 


340-620 

• t 

0*3 „ 

At every wave-length the 

480-600 

it 

0*2 „ 

results were reproduced thrice. 

600-600 

i* 

Zero 


600-700 

it 

Zero 



Above 490 /i/x on the long wave side, the Budde effect is 
found to be absent. 

Influence of light intensity .—This was studied by varying 
the distance between the light source and the reaction 
vessel R. 


Table 5. 

Distance. 

Time of Exposure. 

Expansion. 

40 oms. 

40 seconds 

0*6 mm 

60 „ 

M »# 

04 

80 „ 

II It 

0 26 „ 


From Table 5, it is shown that the Budde effect is propor¬ 
tional to \/ light intensity. 


A Study of the Photo-expansion in Pure Dry Chlorine. 

As there was always 0‘1 mm. expansion in the first experi¬ 
ments carried out in chlorine, in unbaked soft glass apparatus, it 

13 
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is of interest to see what exactly would happen if the chlorine is 
perfectly dry. So an all glasst pyrex apparatus was constructed 
(see Fig. 2). All taps were avoided ; instead, internal seals 
operated by electromagnets were used. 



Fig. 2. 


D—Discharge tube; 

L.S«=Light source ; 

F~Iron core sealed in glass; 

L.T—Liq. air trap; 

A—Bulb containing air at very low pressure ; 

Dewar vessel; 

•—Pure Clj liquefied over pure P 2 C> 5 * 

The reaction vessel including the glass manometer was 
baked in high vacuum produced by mercury diffusion pump 
backed by TCpler pump for two days, at a temperature of 450°C. 
All the gases evolved were condensed by a liquid air trap put in 
series with the pump line. The vacuum inside was qualitatively 
measured by the length of the dark space in the discharge tube. 
A vacuum less than 10~* mm. was in the apparatus for two days. 
After this operation was done, the pump line was cut off by seal¬ 
ing at the constriction C. The seal S was then broken by 
operating the magnet, and perfectly pure, dry chlorine, prepared 
as described before, was let into the apparatus. After taking the 
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required amount, the apparatus was sealed off first at the cons¬ 
triction C a . After the pressure equilibrium inside the apparatus 
was reached, the by-pass was cut off at C 3 . This chlorine was 
exposed to light, and pressure changes were recorded as in the 
case of moist chlorine. 


Budde Effect in Dry Chlorine. 
Table 6. 


Time of Exposure 

Expansion. 

Remarks. 

10 seconds 

Zero 


20 

* > 


30 „ 

40 „ 

»» 

This experiment was re¬ 
peated thrice. 

»» 

- “Budde Effect” was found 

50 „ 

it 

to^be completely absent in pure 
dry chlorine. 

60 „ 

n 

100 „ 




Kistiakowsky 8 in trying to explain the absence of the Budde 
effect in pure, dry chlorine assumes that the chlorine molecules are 
dissociated into atoms on absorption of light quanta of the 
continuous absorption region, irrespective of the presence of 
moisture or foreign molecules. Radiant energy is thus primarily 
converted into chemical energy, and the warming up of the gas 
or the Budde effect must be due to a secondary process, the re¬ 
combination of chlorine atoms. Kistiakowsky * opines that in 
dry gas the recombination of atoms takes place on the wall; and 
the heat of the recombination is dissipated away by the glass 
walls, as such the homogeneous gas is not warmed up; and hence 
the absence of the Budde effect in dry chlorine. If this explana¬ 
tion is correct, Budde effect must occur even in a perfectly pure, 
dried system £ provided the heat losses from glass walls are 
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perfectly arrested by constructing a reaction vessel of the Dewar 
type. So, an all-glass pyrex apparatus was constructed as shown 
in Fig. 2. The tubes K & R were joined and the outer bulb was 
perfectly evacuated by means of a mercury diffiusion pump backed 
by a Tdpler pump. The reaction vessel was exposed to light as 
before and the following interesting results were obtained. 


Table 7. 

Light source 1000 SVatt: Tungsten filament lamp. 
Distance between reaction vessel and the lamp—40 cms. 
Length of water cell—15cms. 

Sensitivity of the manometer—1/10mm. 


Time of Exposure. 

Expansion when there 
is vacuum in L. 

Expansion when there is 
no vacuum in L. 

50 secs. 

2*5 div. 

Zero. 

it 

80 „ 

t» 

i* 

80 „ 

M 

*» 

80 „ 

i» 

>» 

3-0 „ 

ii 


Influence of foreign gases on the photo-expansion in dry 
chlorine .—Air perfectly dried over pure phosphorus pentoxide 
obtained as described before was allowed into the apparatus con¬ 
taining dry chlorine, by breaking the internal seal B by an 
electro-magnet. After letting in a very small amount, the air¬ 
line was cut off and the system was exposed to light. Following 
results were obtained :— 
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Table 8. 


Time of Exposure. 

Expansion. 

6 seconds 

0*1 mm 

10 

0-2 „ 

20 

02 „ 

80 „ 

0-2 


The Case of bromine .—For studying the Budde 
effect in bromine an all-glass apparatus was construct¬ 
ed as shown in Fig. 3. Brominated wax was successfully 
used as a grease for the taps. After the whole 
apparatus was evacuated by means of a Tdpler pump using a 



Fig. 3. 

L. 8—Light source; T.O - Thermo couple; 
M—PjOj bulb; 

N«Brj bulb ; 

B» Reaction vessel; 

P—Pointer; 

G»Glass manometer; 

M. C* Manometer casing. 
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liquid air trap, the pump line was cut off at C. Bromine pre¬ 
pared as described before was allowed into the apparatus by 
opening the three-way tap T towards the reaction vessel ; the tap 
Ti used for closing and opening the bi-pass being kept open. 
Bromine was at a pressure of 250 mm. in the appartus. After 
the equilibrium was established the three-way tap T and bi-tap 
Ti were closed. The bulb B was exposed to light; and pressure 
changes were observed as in the case of chlorine. The glass 
manometer used in this experiments was calibrated first with 
mercury manometer and so the pressure changes given by the 
glass manometer were directly converted into mms. Hg. 

Budde Effect in Moist Bromine. 

Table 9. 

Light source 500 watt, tungsten filament lamp. 

Distance between light source and the bromine bulb B 40 cms 

Length of water cell 15cms. 

Sensitivity of the manometer 1/14 mm. 


Time of exposure. | 

Expansion in mm. Hg. 

Contraction time 
light off. 

2 Seconds 

0*14 mm 


5 „ 

0-30 „ 

56 Seconds. 

10 

0*40 „ 


20 „ 

0*64 


80 „ 

0*85 f , 


40 

0*92 „ 


60 

Steady 



Influence of drying on the Budde effect in bromine —The 
bi-pass tap Tj was opened, and bromine was condensed on the 
phosphorus pentoxide in the bulb M. After keeping it in 
contact with P*Oj for some hours the cooling bath was removed, 
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and the gaseous bromine filled the whole apparatus. When 
equilibrium was established the bi-pass tap Tj was closed, and 
the bulb B was exposed to light. This was done a number of 
times. The following results were obtained :— 

Table 10. 


Time of drying 
in hrs. 

Time of contact, 
liq. Brj with 

P 3 O 5 hrs. 

Time of 
exposure 
seconds. 

Expansion 
in mm. 

Hg. 

Contraction 

time 

(Light off). 

144 hrs 

4 

60 

0*7 mm 

65 secoonds 

172 „ 

3 

” 

07 „ 

>1 >1 

384 .. 

4 


08 „ 

t» n 

CO 

3 


0 3 „ 

!» It 

604 

3 

11 

02 „ 

II »» 

696 „ 

4 

11 

02 „ 

60 „ 



•» 

Steady. 

60 „ 


The above results were produced five times without any 
deviation. From this it can be shown that the Budde effect in 
bromine also decreases on drying. 

Influence of wave length on the Budde effect .—This was 
studied as in the case of chlorine with the help of Wratten light 
filters and the following results were obtained. 


Table 11. 


Spectral Region. 

MM- 

Exposure time, 
Seconds 

Expansion in 
mm. Hg. 

Contraction time 
(light off). 

300-6001 

40 

i 

03 

49 seconds 

640-670 

! 

11 

0*2 

45 

w 11 

660-600 

11 

Zero 

— 

680-700 

11 

Zero 

— 


Above 540 nn the Budde effect is found absent. 
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Effect of Light Intensity .—This was studied by varying 
the distance between the light source and the bulb B. 

Table 12. 


Distance between B 

Time of 

Expansion. 

Contraction time 

and lamp. 

exposure, 
in seconds. 

in mm. Hg. 

(light off). 


40 cms. 


50 


0*9 


52 sect 


60 „ 50 

70 „ 50 

i 


05 

0*25-0-3 


52 

53 


ti 


This shows that the Budde effect is proportional to 
v/light intensity. 

Effect of Pressure .—This was studied by putting in cooling 
baths and condensing some bromine in the bulb N. The 
vapour pressure of bromine was taken at that particular tempera¬ 
ture of the bath. When the equilibrium was established, the 
three-way tap T was closed, and then the bi-way tap T, was 
closed. As usual the bromine vapour was exposed to light and 
the following results were obtained. A thermo-couple calibrated 
against a Beckman was taken, and put into the thin walled 
sealed capillary, which passes through the centre of the bromine 
bulb B. The following results were obtained :— 


Table 13. 


Press or re 

Exposure 

Expansion. 

Temperature rise. 

in 

mm.Hg. 

seconds 

mm.Hg. 

Galvanometer 

deflection. 

Temper¬ 

ature. 

250 mm. 

50 

0*9 

170 div. 

0 *86* 0 

250 

50 

0*92 

175 „ 

0 -86* O 

100 „ 

50 

0-4 

— 

— 
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It can be seen from the above table that the Budde effect 
in bromine is proportional to the pressure of bromine. Also the 
expansion is accounted by the temperature rise of the system. 
Assuming the coefficient of expansion of bromine gas to be 
00037 

p=250 (l+0-0037xt). 

The pressure increase was found at 250 mm. to be 0‘9 mm. 

p = 250 (1+0-0037X0.85). 

= 250-8. 

Pc»io. = 250"8—250=0-8 mm. 

Observed pressure increase 0"9 mm. 

This slight difference of 0"9 —0*8 = 01 may be due to beat 
losses through the capillary. 

Discussion of Results. 

It is inferred from Tables 2 and 10 that the Budde effect un¬ 
doubtedly diminishes on drying in the case of chlorine and 
bromine. Experiments on pure dry chlorine have established 
beyond doubt (Table 6) the results of Baker, 8 Richardson, 7 
Pringsheim, 8 Mellor 2 and Shenstone, 8 as well as those of Lewis 
and Rideal 14 and Ludlam. 11 

From spectroscopic and thermochemical data the energy of 
dissociation of Cl 3 and Br g is given as 57000 cals and 46200 cals 
respectively. For optical dissociation to take place, the gases 
must absorb light on the short wave side of the convergence 
limit (for Cl a below 4785A and for bromine below 5000A) . 
Above this limit according to Franck, 19 dissociation in elemen¬ 
tary act of absorption is an impossibility. As the Budde effect 
in ohlorine and bromine was absent above 5000A on the long 
wave side of the convergence limit, we can safely suppose that 
the Budde effect is entirely due to dissociation of the molecule 
into atoms. The expansion that was observed slightly above 
the convergence limit on the long wave side, may, be due to the 
14 
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dissociation taking place as a result of collisions between the 
active and the inactive molecules. Thermal effects may be 
observed because of the high pressure of the system. So beyond 
doubt we can assume that for the Budde effect to occur, the 
molecule must undergo dissociation, and the atoms so formed 
must recombine in the homogeneous gas phase. In such a 
case, the heat of recombination heats the gas, and hence the 
Budde effect, or the warming of the gas. 

Various theories have been put forward to explain the 
mechanism of the Budde effect in dry halogens, but none of 
them is satisfactory. In the light of the experiments made by 
Kistiakowsky 18 and Ludlam, 17 any theory which assumes emission 
of the absorbed energy by the dry halogen to explain the 
absence of the Budde effect cannot be taken as correct. 

The theory put forward by Kistiakowsky also completely 
breaks down, when the question of explaining the presence of 
the Budde effect in dry chlorine mixed with minute traces of 
dry air, observed in the present work; and a similar observation 
made by Brown and Chapman 14 and Matthews “ in the case of 
dry bromine and dry air mixture. 

To elucidate fully the mechanism of the Budde effect in 
halogens, one has to suppose that the molecule dissociates on 
absorption of the light quanta of its continuous absorption. 
The atoms so formed, must combine in the homogeneous gas 
phase. According to the theory of Born and Franck 30 for the 
formation of a homopolar di-atomic molecule, a three body colli¬ 
sion is necessary. They have proved on the basis of quantum 
mechanics, that only neutral bodies can function as a third body 
in the triple collision processes. Applying this to the case of 
halogens, the recombination of the atoms is brought about by 
collision with neutral water molecules in the gas phase, as such 
the heat of recombination manifests itself in the gas phase. 
Hence Budde effect occurs. In the case of a dry gaseous system 
the recombination of atoms takes place on the dry glass walls 
which function as a third body. In such a case the heat of 
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recombination is dissipated away to the outside; as such no 
Budde effect occurs. (In the case of hydrogen R. W. Wood ” has 
observed in the hydrogen discharge tube, that dry glass walls 
catalyse the recombination of atoms, and that a thin monomole* 
cular layer of water is sufficient to poison the wall reaction.) 

According to the theory put forward here one can expect the 
Budde effect to take place (i) if the dissipation of heat by the 
glass walls is arrested; and (ii) if a dry foreign gas molecule, 
which acts as a third body, is present in the dry gas. Experi¬ 
ments were done to verify these two conclusions; and actually 
an expansion of 0'2mm. in the case of dry chlorine contained in 
a vessel where all heat losses through walls were arrested (results 
of Table 7) was observed. 

Pure dry chlorine gave no expansion (Table 6); but when 
minute traces of dry air were present, expansion was observed 
(Table 8). Similar results were obtained in the case of dry 
bromine and dry air by Matthews and Brown and Chapman. The 
magnitude of the Budde effect in dry halogens + dry air, or 
foreign molecules, will be less than in moist, because of the two 
following reasons :—(1) In moist, apart from the wall reac¬ 
tion being poisoned, the homogeneous reaction, namely, the 
recombination of the halogen atoms, is catalysed due to the 
high dipole nature of water molecules (J. J. Thomson, 
“The Electron in Chemistry”). On the other hand, in 
the dry gas + the dry air mixtures, some of the atoms 
combine in the homogeneous gas phase due to triple collisions 
with the foreign gas molecule, and some atoms on the walls of 
the vessel; as such part of the energy is always lost through 
walls. Hence the Budde effect in moist gases is always more 
than in dry gases. 

If one assumes* that the unilluminated Cl» molecules are also 
efficient in bringing about the recombination of chlorine atoms 
(just as dry glass walls, moisture and foreign gas molecules bring 
about) it is easy to explain the discrepancy in the results obtain¬ 
ed by Kistiakowsky 11 on the one hand and Baker,' Pringsheim,® 
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Richardson, 7 Lewis and Rideal 14 and Ludlam 11 on the other. 
Kistiakowsky 15 observed the Budde effect in dried chlorine and 
bromine. He has illuminated the central part of the reaction 
vessel. In the light of the above assumption it may be argued 
out, that the recombination of the halogen atoms is brought 
about by the unilluminated chlorine molecules in the homo¬ 
geneous gas phase, as such the heat of recombination heats the 
gas and hence the observed Budde effect even on drying. 

The contraction observed by Venkataramiah, on illuminat¬ 
ing chlorine by an iron arc, was never noticed in these experi¬ 
ments on chlorine. He argues out the possibility of a complex 
Cl, molecule. A Cl, molecule may be assumed in interpreting 
the chain reactions in the CoCl 2 formation, but the existence of 
it cannot be so easily proved experimentally. 

Summary. 

(1) The Budde effect was observed in moist chlorine and 
bromine. 

(2) The Budde effect was absent in Cl, and Br, above 
500/*/* and 550/*/* respectively. 

(3) The Budde effect was found proportional to pressure 
and to \/light intensity in chlorine and bromine. 

(4) In dry chlorine photo-expansion was observed when 
the heat losses from the walls were arrested. Dry chlorine and 
dry air mixture showed the Budde effect 

(5) The theories that were put forward to explain the 
mechanism of the Budde effect were discussed. A new mecha¬ 
nism was suggested in the light of Born and Franck’s theory 
for the formation of a homopolar diatomic molecule. From 
the theory put forward here, the divergent results of the various 
workers were reconciled. 

(6) It is assumed that unilluminated chlorine molecules 
function as efficient third bodies in the recombination of 
Cl atoms. 
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(7) The existence of a Cl* molecule is questioned. 

The author takes this opportunity of thanking Prof. Dr. 
H. E. Watson for his interest during the course of this 
investigation. 
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The Budde Effect in Iodine, Part I. A General 
Study of the Photo-Expansion 

By 

T. S. Narayana. 

(Received for publication, March 10, 1934.) 

Abstract. 

On the basis of the mechanism put forward in the paper entitled 
“The Budde Effect in Halogens’’ (See this Journal, p. 91) it was pre¬ 
dicted that all homopolar diatomic gases should show this so-called “Budde 
Effect” on absorption of light quanta of the continuous absorption (provi¬ 
ded the energy of recombination is given out as thermal energy). Experi¬ 
ments to verify this conclusion were carried out in iodine, and a pheno¬ 
menon similar to the Budde effect in Cl s and Br 2 was observed. The 
photo-expansion was found to be proportional to the light intensity and to 
the vapour pressure of iodine. It was found to be a maximum in the 
violet and orange regions of the spectrum when the iodine vapour pressure 
was 70 mm. and it is very difficult to explain this by our present know¬ 
ledge of “absorption in diatomic molecules.’’ 

A mechanism of the Budde effect or the expansion of 
chlorine and bromine on exposure to rays of high refrangibility 
was put forward on the basis ol Bom and Franck’s 1 theory for 
the formation of a homopolar diatomic molecule in a paper 
entitled “The Budde Effect in Halogens,” * according to which 
any homopolar diatomic molecule on absorbing light quanta of 
the short wave side of the convergence limit must exhibit the 
so-called “Budde Effect.” 

1 Bom and Franok, 'Z. f. Physik’ ; Vol. 81, p. 411 (1926): 

1 Narayana, Ind. Jour. Phya., Vol 9, p. 91 (1984). 

15 
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To verify the validity of the theory put forward, experi¬ 
ments were made in the case of iodine ; and a phenomenon 
similar to the “Budde Effeot” was observed in iodine, a report 
of whioh was made in “Current Science,” Vol. 1, No. 11, 
p. 348 (1933);. 


Experimental. 

An all glass apparatus as shown in Fig. 1 was constructed. 



L. S-Light source; F=«Furnace; 

R—Reaction bulb containing iodine vapour; 
M—Mercury manometer; 

M. O—Manometer casing; 

G. M—Glass spring manometer; 
t— Thermometer; 

T-CJ ** Thermo-couple; 

0* Constriction to out off pump line; 
p » Glass pointer; 

T-Tap to control pressures outside (G. M). 


It was evacuated by means of a Tftpler pump, and the pump line 
was cut off at o. The reaction vessel was enclosed in a furnace 
the temperature of which was controlled by means of a rheostat. 
The manometer used in these experiments was made by blowing 
a thin glass bulb and collapsing one side as symmetrically as 
possible. It has a sensitivity of O'l mm. It was used as a null 
instrument, as such the pressure of iodine vapour was directly 
read on the mercury manometer M. (As the manometer cannot 
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stand large pressure differences, all pressure changes inside were 
accordingly counterbalanced from outside.) When the pointer 
was steady for some time the bulb containing iodine vapour was 
exposed to light from a 500 watt tungsten filament lamp and 
the pressure change was observed by viewing the glass pointer 
through a microscope. The following results were obtained:— 

Results. 

Distance between the light source and the reaction bulb— 
60 cms. Length of water cell—15 cms. 

Sensitivity of the glass manometer—0*1 mm. 

Table I. 


Time of exposure in seconds. 

Expansion in mm. Hg. 

Contraction time (Light off). 

8 

0-7 


6 

0-9 

9 secs. 

6 

0*9 


10 

0*9 



Influence of pressure :—Pressure changes inside the reac¬ 
tion bulb were brought about by changing the temperature of the 
furnace. The pressure of the iodine vapour was measured 
directly on the mercury scale (when the temperature of the 
furnace was steady and the glass pointer was brought to a zero 
position)]. 

Table II. 


Pressure of iodine. 

Exposure time. 

Expansion. 

Contraction time 
(Light off). 

90 mm. 

8 BOOS. 

>1 dir. 

£ MOB. 

60 

8 .. 

0*9 mm. 

»• 

«0 „ 

8 „ 

11 .9 

M 
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The above table shows that the Budde effect in iodine is 
proportional to the pressure of iodine vapour. 

Influence of wave length 1 This was studied by interpos¬ 
ing Wratten light filters in the path of the light beam. 

Table III. 

Pressure of iodine—70 mm. 


.Spectral region w — w. 

Exposure time. 

Expansion. 

Whole of the 
visible region. 

5 secs. 

1*3 mm. 

860-520 

it 

0-2 

460-700 

81 

0-7 „ 

600-680 

91 

02 „ 

646-700 

If 

07 

660-700 

ff 

07 „ 

680-700 

•9 

07 ., 

800-660 

f# 

08 „ 

800-480 

II 

04 „ 


From the results of the above table, it is evident that the 
Budde effect is a maximum in the violet and orange regions of 
the spectrum, the green region having little effect. 

tiffed of light intensity :—This was studied by varying 
the distance between the light source and the reaction vessel. 


Table IV. 


Distanoe 

Exposure time 

Expansion. 

80 cm. 

6 secs. 

1*6 mm. 

40 

it 

0-8 „ 

60., 

if 

0-4 

80 „ 

f» 

0*8 „ 
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Thus it is found that in iodine the Budde effect is propor¬ 
tional to the light intensity (unlike chlorine and bromine where 
it is proportional to the light intensity). 

In conclusion, the author takes the opportunity of thanking 
Prof. Dr. H. E. Watson for the kind interest he has taken 
during the course of this investigation. 
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The Budde Effect in Iodine, Part II. The 
Influence of Temperature on the Photo- 
Expansion 

By 

T. S. Narayana. 

(Received for publication, March 10, 1934.) 

Abstract. 

A study of the influence of temperature on the photo-expansion was 
made. It was found to diminish with temperature. The results were 
interpreted on the basis of R. W. Wood’s results on the influence of moist 
and dry glass walls on the recombination of hydrogen atoms. A probable 
explanation for the rate of fall in the formation of phosgene at high tem¬ 
peratures was given. 

The mechanism of the Budde effect or the photo-expansion 
in chlorine and bromine was explained by the author (see this 
Journal, page 91). It is due to the diatomic molecule 
dissociating on absorption of light in the continuous region, and 
subsequent ternary collisions of the atoms with foreign neutral 
molecules present in the body of the gas. According to this, 
any homopolar diatomic molecule on absorbing light in its con¬ 
tinuous region, should show the so-called “Budde Effect,” provid¬ 
ed the gas molecules do not undergo any change in molecular 
structure, e.g., the transformation of O s +^=0,. It was 
predicted on this theory that a molecule like iodine should exhibit 
the so-called Budde effect. To verify this, experiments on the 
photo-expansion of iodine were carried out and a phenomenon 
similar to the Budde effect in chlorine and brominq was observ¬ 
ed in iodine x “ Current Science/’ Volume 1, No. 11, p. 348 
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(1933). In the present paper the influence of temperature on the 
photo-expansion in iodine is studied. 

Experimental. 

An all glass apparatus as shown in Fig. 1 (the Budde Effect 
in Iodine, Part I, see this Journal, page 112) was constructed. 
The whole apparatus was evacuated by means of a Tftpler pump, 
and the constriction sealed off. The whole apparatus was kept 
in a furnace and the temperature was controlled by means of a 
rheostat. As the pressure increased inside the reaction vessel 
R and and manometer GM, air was left slowly through the tap T 
to bring the manometer pointer to its original position. Thus as 
the glass spring manometer was used here as a null instrument 
the pressure of iodine inside was given by directly reading on 
the mercury manometer. 

When the temperature of the furnace remained steady at 
200°C, light from a 500 watt tungsten filament lamp was focuss¬ 
ed on the reaction vessel after traversing through a water cell, and 
the movement of the pointer was observed through a microscope. 

Results. 

Light source—500 watt lamp. 

Distance between R and light source—50 cms. 

Length of water space—15 cms. 

Sensibility of manometer—0’1 mm. 


Temperature 200°C. 


Exposure 
time in 
seconds. 

Expansion 

in 

mm. Hg. 

Contraction 

time 

(light off). 

Remarks. 

2 

0*5 


The result was 




reproduced 

5 

0*7 

10 secs. 

five times. 

7 

0*7 



10 

0’7 




steady 
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Temperature 350°C. 


Exposure 
time in 
seconds. 

Expansion 

in 

mm. Hg. 

Contraction 

time 

(light off)* 

Bemarks. 

2 

0*3 

1 

The result was 




reproduced 

6 

0*4 

8 secs. 

five times. 

7 

0*45 



10 

0*45 




steady 




Discussion of Results. 

The photo-expansion of iodine was found to be O'7 mm. at 
200°C and 0*45 mm. at 350°C. From the observations made it 
is definite that the photo-expansion falls with rise in temperature. 
The iodine molecule dissociates first on absorbing light quanta of 
the visible region 

I 2 + hv-I+l*. 

The two iodine atoms collide with neutral water molecules 
present in the body of the vapour to form an iodine molecule 

I + I*+M—>-I 2 kinetic energy, 

and the heat of recombination of iodine atoms heats the gas and 
hence the observed pressure increases (R. W. Wood 1 has 
shown that while a dry glass wall catalyses the recombination 
of atoms, a moist glass wall inhibits). In the present case, as 
the adsorbed monomolecular film of water vapour is not given off 
at 200°C, the wall process is poisoned. At higher temperatures 
the monomolecular film loosens itself and the wall process also 
comes into play. In such a case, at higher temperatures, the 
recombination of iodine atoms takes place partly in -the gaseous 

» B. W. Wood, Proc. Roy. 8oc„ A, Vol. 102, p. 1 (1988). 

16 
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phase* and partly on the walls. The heat of recombination of 
the atoms on the wall is dissipated away, and so the magnitude 
of the photo-expansion falls. Prom this it is evident that the 
walls have got a definite influence on the recombination of the 
atoms when they are dry. 

It is evident from the above results that at higher tempera¬ 
tures, as a consequence of the wall process coming into promi¬ 
nence, the concentration of iodine atoms in the body of the gas 
falls down. Prom this it can be inferred that whenever the rate 
of a reaction is controlled by [x]* or [x] atoms, the rate should 
roughly be same, when the reaction is carried in perfectly dry 
glass vessels or moist glass vessels raised to higher temperatures, 
as both tend to reduce the concentration of atoms in the homo¬ 
geneous gas phase. This may be the probable cause for the rate 
of formation of phosgene falling down at high temperatures. 

In conclusion, the author takes the opportunity of thanking 
Prof. Dr. H. E. Watson for the kind interest he has taken during 
the course of this investigation. 
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The Valency Angles of Oxygen and Sulphur 

By 

N. Gopala Pai, M.A. 

Research Scholar, Indian Association for the Cultivation 
of Science, Calcutta. 

(Received for publication, July 2, 1934.) 

Abstract. 

The valenoy angles of oxygen and sulphur atoms are calculated for a 
number of simple molecules from their fundamental frequencies of oscilla¬ 
tion, and their dipole moments. 

1. Introduction. 

The determination of the relative orientations of the differ¬ 
ent valency bonds connecting an atom to its neighbours in a 
molecule is a problem of importance in chemistry. In certain 
favourable cases, the determination presents no difficulty. For 
example, in cyclopropane, the angles between any two C—C bonds 
can be shown from direct considerations of symmetry to be 60°, 
and similarly in methane or carbon tetrachloride the valency 
bonds can be shown to make with one another angles of 109°‘5. 
In other cases, however, the problem presents difficulties, and one 
has to deduce the angles by indirect methods. 

One of the methods in general use for finding the valency 
angle is based on acknowledge of the permanent dipole moment 



122 


N. GOPALA PAI 


of the molecule. As is well-known, with each chemical bond 
may be associated a definite dipole moment characteristic of the 
bond. The resultant moment of the molecule as a whole will be 
the vectorial sum of the moments of the constituent bonds. 
JSVhen the moments of these bonds are known, the magnitude of 
the resultant moment gives one an idea of the relative orienta¬ 
tions of. these various bonds. In simple cases, such a correlation 
may give definite information regarding the angles between the 
valency bonds. 

In the case of simple molecules, there is another method 
which has been used with success. It has been shown by 
Bjerrum, 1 Dennison* and others that the natural oscillation 
frequencies of a simple molecule can be calculated from the 
known dispositions of the atoms and the binding forces between 
them. Conversely, a knowledge of the oscillation frequencies of 
a molecule derived from infra-red absorption measurements, or 
more conveniently from its Raman spectrum, enables one to de¬ 
duce, in favourable cases, the binding forces and the relative 
orientations of the chemical bonds. 

Both the methods have their natural limitations. The latter 
method can be applied conveniently in particular to simple 
triatomic molecules. For more complicated ones the identifica¬ 
tion of the different observed frequencies as due to a particular 
mode of oscillation of the molecule becomes increasingly difficult, 
and the method, therefore, ceases to be of practical value. In the 
dipole method, on the other hand, a knowledge of the dipole 
moments characteristic of the constituent chemical bonds is 
presumed. In most cases, this is not available, and even under 
favourable conditions, only rough estimates of the characteristic 
moments of the bonds can be made. The valency angles cal¬ 
culated from these data are naturally uncertain. By a suitable 
combination of the two methods, it is possible, however, to deduce 


1 N. Bjerrum, Verb. D. Phys. Gee., Vol. 16, p. 787 (1814). 
* D. M. Dennison, ‘Phil. Mag.,’ Vol. I, p. 195 (1926). 



VALENCY ANGLES OF OXYGEN AND SULPHUR 


123 


the valency angles with definiteness. In the present paper, the 
valency angles of oxygen and sulphur are calculated in this 
manner for a number of simple compounds. 

2. Oscillations of a Triatomic Molecule. 

The calculation of the valency angles from the Baman fre¬ 
quencies is particularly simple in the case of symmetrical tria¬ 
tomic molecules of the type XY a , for which the theory has been 
worked out in great detail by Bjerrum, Dennison and others. The 
angle between the two X — Y bonds gives directly the valency angle 
of the atom X. From this point of view, several of the molecules 
considered in this paper have been so chosen that in effect they 
may be treated as triatomic molecules of the above type. 

The simplest molecule of this type has three fundamental 
oscillation frequencies, say v u v t and v s corresponding to oscilla¬ 
tions represented in Fig. 1. 



Let us denote by F the binding force between the X and Y 
atoms, and by F' the force between Y and Y, and let 2a be the 
angle between the two X— Y bonds. Also let the mass of X bo 
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M and of Y be m. Then it can be shown that 


n ‘ = ^[ p+(1-p) OOBSa J 


... (i) 

QP/ P 

n 2 n 3 -- x — xpcos 2 a 

m m 


... (2) 

n 2 +n 3 = r i—(i* 

2 3 m m L 

-p) COS 2 aJ 

... (3) 

where p- M , + , 2 “; 

M 

^2 — 2 
n* = —-— v z . 

Ju 

... (4) 


If the three fundamental frequencies v lf v a and v t are known, the 
three equations enable us to calculate F, F' and 2a. 

3. Dimethyl Ether. 

JWe shall first consider dimethyl ether. In view of the small 
mass of the three hydrogen atoms in the methyl groups, we may 
treat the methyl groups as single units of mass 15. The mole¬ 
cule of dimethyl ether can then be considered as a tri- 
atomic molecule of the type discussed above. 2a in this com¬ 
pound will naturally denote the angle between the two C—0 
bonds, and will, therefore, give the valency angle of the oxygen 
atom in the compound. In order to calculate a, we require to 
know the three v’s From the Raman spectrum the three funda¬ 
mental frequencies of the (CH 8 ) a O molecule are found to be 

1106 (3) ; 921 (4) ; 267 (1). 

From these frequencies, using the relations (1) to (3) we obtain, 
in the first place, for F, i.e., for the binding force between C and 
0* the value 4'52dyn/cm., and for F', the binding force between 
C and 0, the value 0*68 dyn/cm. F' is naturally much smaller 
than F since there is no chemical binding, in the ordinary sense, 
between the C atoms. 
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The same equations give for 2a, i.e., for the valency angle 
of the 0 atom, the value 118°. 


4. Dipole Moment of the C—0 Bond. 


The dipole moment of (CH,) 2 0 has been measured by Sanger 
and 8teiger, 3 and Stuart, 4 and they obtain the value 1*32D and 
1*29 D respectively (D = 10~ 18 c.g.s. e.s.u.). Since we know 
from the previous section the inclination of the two C—0 bonds 
to each other, we can calculate the value of the permanent 
moment characteristic of either of the C—0 bonds. Thus, we 
obtain 


f*c-o 


r29xlO-m , 
2 oo s 59° 


= 1-25 D. 


6. Diethyl, Dipropyl and Diphenyl Ethers . 

The calculation of the valency angle of 0 in these compounds 
from their Raman frequencies is not rigorous in view of the 
complicated structure of the (C 2 H 6 ) group, which we cannot 
treat as a single oscillating unit. However, since we know the 
dipole moment of (C 2 H B ) 2 0 and also the moment of the C—0 
bond we can readily calculate the angle between the two C—0 
bonds. We thus obtain 

2a=2 cos-1 * [=126°. 

2x1*25 

This value is larger than that obtained for (CHj) 2 0, and is evi¬ 
dently due to the larger size of the (C 2 H B ) groups* which would 
tend to open out the two C—0 bonds. 

The dipole moment® of (C,H 7 ) 2 0, viz., 1*16 D, gives in the 
same manner for the valency angle of oxygen 124°*8, which is 
practically the same as the value in (C 2 H 4 ) 2 0. No dipole 
moment data are available for higher members of this series. 

* *Helv. Phyg. Acta/ Vol. 2, p. 186 (1929). 

* Z. Phygik, Vol. 61, p. 490 (1928). 

1 Mayer and Buchner, 'Phyaikal. Z.,’ yd. 88, p. 890 (1982). 
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We may consider in this section also the case of diphenyl 
ether (C 6 H s ) 2 0, whose permanent moment has recently been 
measured by Bergmann and Tschudnowsky,® and is found to be 
1*12 D. If the characteristic dipole strength of the C—0 bond 
in this compound is the same as in the aliphatic ethers considered 
in the previous paragraphs* this value of the dipole moment of 
(C s Hs)jO would correspond to a valency angle of 

2 cos- 1 /— ) or 127° 

\ 2x125 / 

for the 0 atom. This is the same as in the other compounds 
considered. 

6. Water. 

In order to make the series of triatomic molecules of the 
type OYj complete* we shall include also the simplest molecule of 
this type, viz., OH 2 . The structure of this molecule has been dis¬ 
cussed in detail by a number of workers from various independent 
points of view, among whom may be specially mentioned Debye, 7 
Hund 8 and Mecke® and his collaborators. By an extensive 
critical analysis of the rotation vibration spectrum of this mole¬ 
cule, Mecke has recently determined accurately the three moments 
of inertia of the molecule in the ground state, viz., 1=0*995 
x 10- 40 , L=1*908 X10" 40 and K=2*980 X 10~*°. The relation 
I+L=K is nearly satisfied. For the oscillationless state, Mecke 
obtains by extrapolation the values I=1*009 x 10 -40 , L= 
1*901 xlO -40 and K=2*908 x 19 -40 . These values satisfy 
accurately the relation I+L=K. From these data, the valency 
angle of oxygen comes out as 104°-106°. 

On the other hand, PJyler, 1 ® who has discussed in great 
detail the infra-red absorption bands of water, adopts the follow- 

• *Z. Phya. Chem.,’ B, Vol. 17, p. 107 (1932). 

* “Polar Molecules,” The Chemical Catalog Co., Inc., 1929, Chap. IV. 

* Hand, ‘Z. Phyaik,’ Vol. 81, p. 81 (1995); Vol. 82, p. 1 (1925). 

• ‘Z. Phyaik,* Vol. 81, p. 465 (1988). 

» Plyler, ‘Phyaio. Bev.,’ Vol. 89, p. 77 (1982). 
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mg three as the fundamental frequencies of oscillation of the H,0 
molecule, oiz. t v i=5309 cm -1 , v a =1697 cm -1 and v®»»3742 
cm -1 . From these frequencies, using Dennison’s formulae (1), (2) 
and (3) above, he obtains for the valency angle 2a of the 
oxygen atom the value 115°. 

7. The Valency Angle of Oxygen. 

We may collect in this place the values otained for the 
valency angle of oxygen in various compounds. They are given 
in Table I. 


Table I. 


Molecule. 

| Method, 

.Valency Angle of 
Oxygen. 

HO 

Plyler from oscillation 
frequencies 

115* 


Mecke from Rotation- 
Vibration Spectra 

104M06* 

(OHj)jO 

From Raman frequencies 

118* 

(Cfti,o 

From * 1 — 1*12 D 

126-8 

(CjH 7 ),0 

From >i-l\L6 D 

124-8 

(C*H|)|0 

From * 1 —1*12 D 

128-9 


The values group about 120°. 


8. Ethylene Oxide. 

We next consider the simple heterocyclic compound con¬ 
taining oxygen, viz., ethylene oxide, which also can be treated 
as a symmetrical triatomic molecule of the type AX*. The 
heterocyclic nature of this compound in contrast with the open 
structure of dimethyl ether, is plainly responsible for the wide 
difference in properties of these two compounds. Let us first 
consider their Baman spectra. The scattering of ethylene oxide 

17 
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has been studied by the present writer, 11 and its Itaman lines are 
found to be much more intense than those of (CH 3 ) 8 0. Further 
the fundamental oscillation frequencies are found to be 865, 810 
and 1123 cm -1 , from which the binding force F between C and 
0 atoms, and the force F' between two C atoms as also the 
valency angle 2 a of 0 can be calculated as before. Doing so, 
we obtain 

F=4'2xl0 5 ; F'=3'4xl0 5 ; 

and 2a = 64°. 

These values are of interest, especially when viewed in 
relation to the corresponding values for (CH s ),0. The values 
for the two compounds are placed together in the following Table 
for comparison:— 


Table II. 


Compound. 

P X10-5. 

P' X10" 5 . 1 

Valency 

Angle. 

0 



■ 

/\ 

ch 3 ch 3 

45 

0-68 

118° 

0 




CH, CH a 

42 

i 

i 

I 

3 4 

64° 


F is practically the same for the two compounds. F/ how¬ 
ever, is much larger in (OH a ),0 than in (CH 8 ) 8 0. This is what 
we should expect because of the presence of a chemical bond 
between the two C atoms in (OH 2 )jO, which is absent in 
(CH 8 ) 9 0. This C-—C bond in (0H 2 ) 8 0 will naturally tend to 
bring the two C atoms close together, so that the valency angle 
of 0 should be much smaller in this compound than in (OH,) s O. 
This, as we see from Table II, is actually the case, the valency 


H To be published elsewhere. 
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angles of 0 in the two compounds being 64° and 118° res¬ 
pectively. 

This large difference in the valency angle in the two com¬ 
pounds will also mean a corresponding difference in their dipole 
moments. The dipole moment of (CH a ) a O is not only much 
greater than that of (OH B ) a O, but the ratio between the two 


moments, viz., 


1-88 

1*29 


1*5, has nearly the same value as 


Cos32 _ j.g Thi S shows that the characteristic dipole 
Cos 59 

moment of the C—0 bond is practically the same in the two 
compounds in spite of differences in the nature of the C—0 
bonds in the two compounds. 


9. Dimethyl Sulphide. 

Among the simple sulphur compounds '(CH,) a S would be 
very suitable for direct calculation of the valency angle. The 
Raman Spectrum of this compound has been recently studied 
by the present writer. Treating this molecule as a triatomic 
one of the type AX a , the natural frequencies of oscillation as 
given by their Raman spectra are as follows : 

v x = 694 (8), v 2 =746 (6). v 3 =284 (6). 

From these values, the valency angle of S, viz., 2a t comes out 
as 100°. 


10. Other Sulphur Compounds. 

From the above value of 2a, and the known dipole moment 1 * 
of (CH 8 ) a S, viz., 1*41, the value of the moment characteristic 
0 f c—S bond comes out as 1‘09 D (which is practically the 
same as for the C—0 bond). Using this value, we can now 


i* Hunter and Partington, J. 0. 8., p. 2812 (1982). 
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calculate in the same manner as we did for the ethers, the valency 
angle of S in diethyl, dipropyl and other sulphides. The follow¬ 
ing table gives the values so obtained :— 

Table III. 


Compound. 

Method. 

Valency 
angle of S. 

H|S 

From infra-red frequencies 

90° 

(OH,),8 

From Raman frequencies 

100° 

(CjHAS 

From dipole moment 

87°-8 

(Q,H t ),S 

M 

89*°4 

(0 4 H,),S 

«» 

87**8 

«WjS 

» 

95*°2 


Thus in all the compounds, the angle is near about 90°, 
and is considerably smaller than that of O in the corresponding 
oxygen compounds. 

The author desires to express his grateful thanks to Prof. 
K. S. Krishnan, D.Sc., for the keen interest he took during the 
progress of this work. 
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Susceptibility Constants for Co-ordinate Linkage 
in Addition Compounds, Part I 

By 

S. S. Bhatnagar, Mule Raj Verma and Pyara Lal Kapur. 
(Received for publication, July 2, 1934.) 

The determination of the constitutive correction factor 
A. in the additivity formula for magnetic susceptibility 

X M = 2 d x A + A. (Pascal) 

requires careful investigation. Pascal, in his classical researches, 
was able to affix certain definite values of the correction constant 
for many of the valency linkages, like double bond, triple bond, 
etc. and showed that the constant retains its identity in a large 
number of organic compounds. But so far no measurements 
seem to have been made for the constant X, when a co-ordinate 
linkage is established. Such a case is provided when two sub¬ 
stances react in simple stoichiometrical ratios to give products 
known as molecular or addition compounds. 

Different workers have put forward different views to 
account for the formation of such compounds. Lowry 1 and 
Bennett and Wills a postulate that it is very probable that one of 
the components acts as a donor and the other as an acceptor so that 
co-ordination linkage is established. On the electronic theory of 
valency, the donor molecule possesses a lone pair which under 
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the electron repelling forces is transferred to the acceptor mole¬ 
cule and is thus shared by both as A : + B = A—>B. 

In the present investigation we have studied the magnetic 
susceptibility of those molecular compounds only in which the 
existence of co-ordinate linkage has been shown to be a probability 
from an examination of various physical properties. The com¬ 
pounds studied are those formed between (i) w-dinitrobenzene 
and (a) benzidine, (6) naphthalene and (c) a-naphthylamine ; 
(ii) picric acid and (a) naphthalene, (b) anthracene, (c) phenan- 
threne and (d) a-methyl naphthalene. 

Experimental. 

The original components were purified by the following 
methods and finally repeatedly crystallised from the solvents 
until the melting points as indicated against each were obtained. 
These melting points were comparable to the standard ones given 
in International Critical Tables, Vol. 1. 

m-Dinitrobenzene. Recrystallised extra pure ra-dinitroben- 
zene from absolute alcohol, m. p. 90°C. (given m. p. 90°C.). 

Benzidine. Dissolved in hydrochloric acid and then preci¬ 
pitated the sulphate ; decomposed by caustic soda, washed and 
recrystallised from benzene, m. p. 126° ; given 128‘7°C. 

Naphthalene. Recrystallised from aldehyde-free alcohol; 
m. p. 80°C., given 80°C. 

a-naphthylamine. Steam distilled with superheated steam ; 
filtered and recrystallised from benzene, m. p. 50°C., given 50°C. 

Picric acid. Recrystallised from hot water; m. p. 119°C., 
given I20°C. 

Anthracene. Recrystallised extra pure anthracene from 
benzene; m. p. 218°C ; given 218°C. 

Phenanthrene. Recrystallised from benzene, m. p. 100°C., 
given 99°’6C. 

a-methyl naphthalene. Distilled twice, boiling point 241°C., 
given b. p. 243°C. 
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The various molecular compounds were prepared by mixing 
the components in molecular proportions, dissolving in a suitable 
solvent and recrystallising. They were further purified by re¬ 
crystallisation from the same solvent. 

w-dinitrobenzene-benzidine and m-dinitrobenzene-a-naph- 
thylamine compounds were prepared in absolute alcohol. 8 

m-dinitrobenzene-naphthalene compound was prepared in 
benzene. 4 

Naphthalene picrate was prepared in ether, 5 anthracene 
picrate in benzene 8 and phenanthrene 7 and a-methyl naphthalene 8 
picrates in absolute alcohol. 

In the following table are given the melting points and 
densities of the compounds prepared along with the correspond¬ 
ing data given in literature :— 

Table I. 


Substance. 

Mole¬ 

cular 

weight. 

Colour. 

Mole¬ 

cular 

ratio. 

Density. 

Melting 

Point 

Found. 

°C 

Melting 

Point 

Given. 

°C. 

m-Dinitrobenzene- 

benzidine 

352 

Deep violet 

1 :1 

1*394 

127-128 

127*6 to 
128 

w-Di ni troben zene- 

naphthalene 

296 

Yellowish 

green 

i 

1 :1 

1*318 

61-4 

50*7 to 
51*6 

m-Dinitrobenzene- 

a-naphthylamine 

311 

Blood red 

1 :1 

1-35 

65*0 

65*1 to 
65*7 

Picric acid- 

naphthalene 

367 

Yellow 

1 :1 

1-510 

149 

149 

Piorio acid- 

anthracene 

407 

Bed 

1 :1 

1*502 

141 

138; 139 

Picric acid- 

phenanthrene 

407 

Orange 

yellow 

1 :1 

1*46 

142*5 

143 

Picric acid- 

a-methyl naphthalene 

371 

Yellow 

1 :1 

1 

1*466 

140*6 

141-142 


The magnetic susceptibilities of the original components 
and the molecular compounds were determined by a Curie-Wilson 
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balance 9 slightly modified as described in previous communica¬ 
tions from this laboratory. 10 A constant weight of substanoe 
(O’lOOO gm.) was used in each determination. Water was used 
as a standard of comparison and its susceptibility was taken as 
-7'25x 10 -7 . The accuracy of the balance was further tested by 
determining the susceptibilities of some other well known sub¬ 
stances like KOI, NaCl, C 6 H 6 , etc. It was found that this 
balance gives results within ± 1/2%. 

In the following table are given the values fo magnetic 
susceptibilities of the original components as determined. 
Column III gives the values of the components as found in the 
International Critical Tables, Yol. VI. In the last column have 
been gathered together the computed values for molar susceptibi¬ 
lities : — 


Table II, 


Substance. 

-x«lC 

Observed. 

~x*io 7 

Given in 

Int. Crit. 
Tables. 

-*M‘ 107 

Observed. 

m-Dinitrobenzene 

! 3-96 

i 

3-98 

665 

Benzidine 

608 


1109 

Picric acid 

363 

... 

807 

Anthracene 

7*46 

7'26 

1327 

Phenanthrene 

7*22 

7-18 

1285 

o*Methyl naphthalene 

7*17 

... 

1017 

Naphthalene 

7*24 

7-17 

927 

o-Napbthylamine 

1 6*50 

... 

929*4 


The values for the magnetic susceptibility of molecular 
compounds are given in the following table. In Columns III and 
V are given the observed gram and gram molecular susceptibilities 
and in Columns IV and VI the corresponding calculated values 
assuming the additivity law to hold good. In the last col umn 
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are given the differences between the observed and the calculated 
susceptibilities per gram molecule : — 


Table III. 


Compound. 

Mole¬ 

cular 

weight. 

-x* 

Obs. 

: 107 

Calc. 

-x M *10* 

Obs. (a) Calc. (6) 

-d^ * 10* 
(o-b) 

m-Dinitrobenzene. 







benzidine. 

352 

5*26 


1851 

(665+ 1109)-1774 

77 

„ naphthalene 

206 

5-73 

5-38 

1696 

(665 + 927) -1592 

104 

.« o-naphthylamine 

311 

5-38 

513 

1674 

i 

(665 + 929) -1694 

80 

Picric acid-naphtha- 





(807 + 927) -1734 


lone. 

357 

5*25 

4*86 

1874 

140 

m M anthracene 

407 

6*54 

5*24 


(807 + 1327)—2134 

121 

M it -phen en¬ 







throne. 

407 

5-43 

5*14 


■feMrowaaBM*! 

117 

v , i 9 o-m ethyl- 





(807+ 1017)-1824 


naphthalene 

371 

6*21 

4*916 

1939 

109 


It may be thus seen that the addition compound becomes 
more diamagnetic than should be expected on the additivity law. 
This increase in diamagnetic susceptibility has a value varying 
between 77 X10—' 7 and 140 X10—' 7 per gram molecule. 


Summary and Discussion. 


All the compounds studied are the addition compounds 
formed by the interaction of a nitro-compound and an amine or a 
hydrocarbon, and the co-ordination linkage is established in these 
through -NO* group as shown below. 

Parachor measurements of the nitro-compounds establish the 
following structure of the nitro-group 11 :— 



18 
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Under proper conditions of activation the nitro-group 
acquires the structure 12 


-N 


* 0 


with the result that there are only six electrons in N’s orbit and 
as such it can accept two more electrons from suitable donor 
molecules like amines or hydrocarbons, and a co-ordination link¬ 
age be established 


H 

0 

H 

0 

• X 

—N: 

+ N- = 

• * + 
-N —► N— 

•iX, 


•;x i 

H 

Amine 

0 

H 

0 


CH 


OH 


CH CH 
CH 

Hydrocarbon. 


0 

t 

+ N— 
O 




0 


The presence of such a linkage has also been established 
experimentally by Sahai 13 by parachor measurements in the case 
of the molecular compounds of m-dinitrobenzene-a-naphthyla- 
mine and ra-dinitrobenzene-naphthalene. The presence of a 
similar co-ordinate linkage in the compound of m-nitrophenol 
and p-toluidine has also been established by him, the union 
taking place through a nitro-group. Though no measurements 
are available on the molecular compounds of picric acid and 
hydrocarbons, the presence of a similar linkage may be assumed 
on analogy. If this assumption be correct, the hydrocarbon or 
any other donor molecule should lie adjacent to the nitro-group. 
This has been shown to be so by the study of the crystal struc¬ 
ture of trinitrobenzene-anthracene compound by X-ray methods. 11 
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The two molecules lie with respect to one another as shown 
below: 

N0 2 S\/\/\ 

O’ CuJ 

N0 8 

The formation of the addition compound involves an increase 
in the diamagnetic susceptibility as shown in Table III, the in¬ 
crease varying between 77 X10 -7 and 140 x 10~ 7 per gram 
molecule. Value of about the same order is obtained if the sus¬ 
ceptibility of the inorganic molecular compounds is subtracted 
from the one calculated on the additive law. The figures incor¬ 
porated in the following table are taken from the International 
Critical Tables, Vol. VI, and are illustrative of the above point 
of view:— 

Table IV. 


Components. 

Molecular 

suscepti¬ 

bility 

observed. 

-x M *10 

Molecular 

compound. 

Molecular susceptibility 

Obs. Calc. 

-x M *io 7 

i—t 

X 

T3 

1 

AIA 

100-0 







AIjOj'HjO 

404’4 

(100 + 129*6) 


H|0 

129-6 



= 229*6. 

174-8 

K|80| 

701*2 







KjSO^Alg 


(701*2 + 1641-6) 1 


Al,(80 4 ), 

1641*6 

(S0 4 ) s . 

2426*2 

=2342-8. 

82*4 


The inorganic molecular compounds are perhaps similarly 
constituted, there being respectively a donor and an acceptor 
molecule. The increase in diamagnetism may therefore be 
explained as arising out of the establishment of a co-ordination 
linkage, with the result that the octet of the acceptor molecule is 
completed. 

Magnetic susceptibility of binary mixtures of liquids, which 
when mixed in particular molecular concentration • ratios are also 
known to form addition compounds by the study of various 












138 8 . 8 . BHATNAGAR, M. R. VBRMA AND F. L. KAPUR 


physical properties such as freezing point curves, 10 dipole 
moments, 14 absorption spectra, 17 etc., has been studied by various 
workers and has yielded conflicting results. Some authors have 
reported great deviations from the additive law, 18 a few observe 
no change” and still others have reported deviations to the extent 
of 3-4%. From the study of other physical properties molecular 
compounds have been shown to be formed at these concentrations 80 . 
Cabrera and Madinaveitia 81 observed an increase in the diamagnetic 
susceptibility of the mixture of CHC1 # and acetone and the value 
found was 38 X10“ 7 units per gram molecule. This value is 
much less than the one obtained by us. It may be due to the 
fact that in liquid mixtures after some time a sort of an equili¬ 
brium is established between the components and the compound 
and therefore the magnetic susceptibility value obtained is the 
sum of xa +Xb +Xc where Xa +Xc = molecular susceptibility of 
the components and xo is that of the compound. 

In the case of solid organic compounds studied by us, 
although the addition compound formation is complete yet the 
increase in the magnetic susceptibility value variesu If the estab¬ 
lishment of a co-ordinate linkage be the only change involved 
during the formation of an addition compound the change in 
susceptibility should be a constant quantity. But as it is not, it 
suggests that besides the establishment of this linkage, there are 
other factors such as change in the radius of the molecule, in¬ 
fluence of other groups present in the molecule, etc., which 
influence the change in susceptibility. 

The influence of the groups is manifested on a lcose perusal 
of the data given in Table III. The increase in susceptibility, 
when hydrocarbons form molecular compounds with nitro-com- 
pounds, is about 120x10“ 7 units per gram molecule, whereas, 
when amines react with nitro compounds, the increase in value is 
about 80 X10” 7 units per gram molecule. 

The exact influence of various groups on the magnetic pro¬ 
perty of the molecular compounds is being studied and the results 
will be communicated later on. 
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(Plates II and HI.) 

1. Introduction. 

It is well known that when a crystalline plate, placed 
between two crossed Nicols, is viewed through a spectroscope, 
and a parallel beam of white light is allowed to traverse the 
optical system, the spectrum would be crossed by a number of 
dark and bright bands. The positions of these bands are defined 
by the relation (ft*—fij)d*=nX/2, where Pi and ft, are the princi¬ 
pal refractive indices of the plate in its plane and d is the thick¬ 
ness, and n is any integer; the dark bands correspond to even 
values of n and the bright bands to odd values. The intensities 
at the minima would be zero and hence the visibility of the 
fringes would be best when the principal planes of the polarising 
and analysing Nicols make 45° with the two extinction directions 
of the crystalline plate. When the analyser, instead of being 
crossed with the polariser, is parallel to it, the fringe system 
observed through the spectroscope would be very * similar, only 
the previous positions of maxima would now correspond to 
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positions of minima of intensity, and vice versa. Such an 
optical arrangement is frequently used for studying the dispersion 
of birefringence of crystals. 1 In these experiments, the thick- 
nes of the plates is naturally so chosen as to give a closely spaced 
system of fringes, since the values of birefringence can then be 
determined accurately. 

While conducting similar experiments with organic crys¬ 
tals where because of the very high double refraction thin crystals 
only had to be used, the writer came across a second set of 
fringes more closely spaced than, and quite different from, the 
birefringence fringes, described above. This subsidiary set of 
interference fringes, superposed on the interference system due 
to the birefringence, is not contemplated in the usual treatment 
of the subject. The purpose of the paper is to present an 
account of the experimental observations made in connection 
with this phenomenon together with a complete theory. 

2. Elementary Theory of the Birefringence Fringes. 

The explanation of the birefringence fringes described in the 
previous section is simple. Let us consider the case where the 
crystalline plate is placed between two parallel Nicols with its 
principal axes at 45° to those of the Nicols. The vibration inci¬ 
dent on the crystal plate will resolve into two of equal ampli¬ 
tudes (viz., l/v^2 of that of the incident vibration), vibrating 
respectively along the two principal axes of the crystal. On 
emergence from the crystal plate, they will have a phase differ- 

ence8=-=—-(/*!— ih)d, and for such wave-lengths for which 

A 

8 is a multiple of 2 ir, they will compound into a vibration in the 
principal plane of the analyser, and will be wholly transmitted. 
On the other hand, whenever 8 is an odd multiple of ir, the re- 


1. Sm (or example K. 8. Kriabnan and A. 0. Daa Gupta, ‘ Ind. Jour. Phya.,’ Vol. 8, 
p . 40 098B). ... 



A NEW INTERFERENCE PHENOMENON IN CRYSTALS 143 

suiting vibration will be completely cut out by the analyser. 
These two conditions define the positions of the bright and dark 
birefringence fringes observed through the spectroscope. 

3. Requirements of a More Complete Theory. 

In the above treatment, the amplitude of either of the vibra¬ 
tions transmitted by the crystal plate is taken to be l/v/2 of 
the incident amplitude, which involves the tacit assumption that 
the amplitude is independent of wave-length. But actually, due 
to multiple reflections, the amplitude of each of these vibrations 
will vary with the wave-length, fluctuating rapidly through a 
series of maxima and minima. It is this that gives rise to the 
well known interference fringes observed with thin films placed 
in front of the slit of a spectroscope. Further the frequency of 
these fluctuations will be different for the two vibrations. When 
these vibrations pass through the analyser and interfere, there 
will naturally appear in the spectrum of the transmitted light, 
in addition to the birefringence fringes arising from the fluc¬ 
tuations with wavelength of the phase difference 8 between the 
two vibrations, a system of secondary maxima and minima 
arising from the fluctuations in their amplitudes. Since these 
fluctuations of amplitude are very rapid, the latter set of maxima 
and minima in the spectrum will be more closely spaced than 
the former arising from the fluctuations of 8 with wave-length. 
As a prelude to the theoretical investigation of these two sets 
of fringes, let us consider the simple case where the polariser 
alone is present, the analyser being removed, and the crystal 
plate is rotated in its plane so as to have one of its principal 
axes parallel to the incident vibrations. 

4. Incident Vibration Parallel to One of the Principal 
Axes of the Crystal. 

Let a wave of unit amplitude represented by tjie expression 
&* 1 be incident normally on the crystal plate. The expres- 

19 
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sion for the transmitted wave just on emergence from the plate, 
will then be given by the usual expression 


y 


_(1—r 2 ) 6 


—«!> 


1 O 

1 e 


... a) 


(which is obtained by taking into consideration, in addition 
to the directly transmitted wave, also those that are 
transmitted after suffering 2, 4, etc., internal reflec¬ 

tions), where r* is the reflecting power, i. e., the ratio of 
the intensities of the reflected and incident waves. 


2e,= 


2ir 

T 


X 2/x,<2 is the phase difference between two successive 


transmitted waves and is the refractive index of the crystal 
corresponding to the particular direction of vibration of light. 
The intensity of the complete transmitted wave will evidently 
be given by 


I= (1— r8 ) a _ 

1+r 4 — 2r 2 cos2s 1 


... ( 2 ) 


I will be a maximum or a minimum according as 2c, = 2rwr 
or (2n+l)7r, i.e., 2/^(2 = n\ or (2n+l)X/2. Hence the spec¬ 
trum will be crossed by alternate bright and dark fringes. The 
intensities at the minima will of course be finite. 

If the polarising Nicol is rotated by 90° so as to make the 
incident vibration parallel to the other principal axis of the 
crystal plate, the system of bands observed will be similar to 
the one described, being however differently spaced, the posi¬ 
tions of the bright and dark fringes being now given by the 
conditions 2/i a d = nX and 2/^(2= (2n+l)X/2 respectively. 

5. Incident Vibrations at 45° to the Principal Axes. 

If the incident vibrations are at 45° to the principal axes of 
the crystal, the intensity of the transmitted light would be given 
by the expression 

I=(l—r*l a 1 + r4 ~2r 8 oos («i +e 8 ) cob («, -« a ) 

(1+r 4 —2r 8 oofl2«,) (1+r 4 —2r a cos2«j) 


... ( 8 ) 
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and hence the interference system observed will be the same as 
that obtained by a simple superposition of the two separate sets 
of fringes described in the previous section. Due to the 
difference in spacing of the two sets of fringes, there will naturally 
be alternating positions of maxima and minima of visibility, given 
by the relations 2(/x! —/x a )d**n \ and 2(ii 1 —fi 2 )d=(2n+l)\/2 
respectively^ these w’s being of course different from the pre¬ 
vious n’s. 

It may be mentioned here that the same system of fringes 
can also be obtained with incident unpolarised light. 


6. Transmitted Wave analysed by a Second Nicol. 

The results obtained when in addition to the first Nicol 
inclined at 45° to the principal axes of the crystal, there is intro¬ 
duced an analyser after the crystal, either parallel or crossed with 
the first Nicol, are highly interesting. Let us first consider the 
case when the Nicols are parallel. 

Let us suppose that the incident wave is represented by 
e iut . The two vibrations in the crystal are then represented 
separately by e i “ t /*/2, just when they enter the crystal. The 
first wave after transmission through the crystal plate and 

the analyser will be given by * ~ ^ and the 

ii f 1 — r 2 ) gt(<wi ■— *2 + ♦ ) 

second wave by — —J ——— —, both vibrating in the same 

direction; <f> is a constant which will depend on the path traversed 
after leaving the crystal. 

It can be easily shown that the resultant intensity of the light 
emerging from the analyser, obtained by compounding the above 
two vibrations, is equal to 


(1—r 8 ) 2 cos a‘izis 
2 


_ l+r 4 -2r 8 cos (6,+s a ) 

(1+r 4 —2r 8 cos 2 e^l-hr 4 —2r 2 cos 2 e a )‘ 


... ( 4 ) 
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The first factor cos 1 63 varies very slowly with wave¬ 
length. Considering the second factor 

_ l+r 4 —2 r a ooB (e] +e 8 ) _ 

(1+r 4 —2r 2 oos 2 «,) (1 + r 4 - 2r 2 cos 2« s ) ’ 

and comparing it with the expression 

l+r 4 —2r 8 cob (g, + g a ) oos («,—e 2 ) 

(l+r 4 — 2r 9 oos 2s 1 )(l+r 4 —2r a oos 2« a ) 

in equation (3), it is seen the two expressions are practically the 
same, except for the presence of a slowly varying factor cos(ei—e 2 ) 
multiplying one of the terms in the numerator, so that the 
positions of the maxima and minima will be practically the same 
as those given by expression (3), i.e., those obtained by the super¬ 
position of the two sets of interence fringes considered already. 
The positions of the maxima and minima of visibility will also 
be the same. But due to the presence of the first term, viz., 

cos* € \7~ e - 2 1 the effect of which will be considered presently, the 

relative intensities at the different maxima will now be different 
from those given by (3). 

Let us proceed to consider the effect of the first term, 

namely, cos * — " 6 * . It is easily seen that whenever the visi- 

bility of the fringe system is a maximum, 2(€,—e a )**2nir and 

hence cos 8 —is either a maximum or a minimum according 

as n is even or odd, the minimum value being zero. There will 
thus be absolute darkness whenever (e,—« a ) = (2n + l)ir, i.e., 

Oh-f4)d=(2»+l)\/2. 

When the thickness of the crystal is large, the maxima and 
minima arising from the fluctuations in the second factor, may 
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be too closely spaced to be resolved by the spectroscope, in 
which case, only the maxima and minima determined by the 
fluctuations of the first factor (which are much slower) will 
appear; these will be the birefringence fringes that are observed 
under normal conditions and that are explained by the elementary 
theory given in §2. 

To sum up, there are closely spaced interference fringes, 
whose visibility fluctuates, the alternate positions of maximum 
visibility being completely dark. 

The problem when the Nicols are crossed, can be treated 
similarly and the expression for the intensity of the transmitted 
light in this case comes out as 


l-f r 4 + 2r 8 cog (e t +e g ) 


(\ gjn2 £l ~ e 2 _ 

' ' 2 (1 + r 4 —2r 9 008 2e,)(l + r 4 —2rJcos2e a ) 


(5) 


It oan be shown that the positions of maxima and minima 
arising from the fluctuation of the second factor 


l + r 4 + 2r a cos (6,+gg) 


(1 + r 4 — 2r 2 cos 2e 1 )(I + r 4 —2r 3 cos2e a ) 


with wave-length will be practically the same as in the case of 
parallel Nicols considered before. The absolute minima of 
intensity, will now be very different since they are defined 

by the condition sin a -^^2_=0, instead of by the condition 

cos 8 €l - Cf =0 of the previous case. This will correspond, in the 

case of observations with plates that are sufficientlylthick to oblite¬ 
rate the interference system arising from the second term in (5), 
to an interchange of the positions of the bright and dark 
birefringence fringes, when the analyser is rotated from the 
position of parallelism with the polariser to the crossed 
position. 
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7. Experimental Observations. 

The crystal plate was mounted suitably between two Nicols 
and white light from point source, collimated by an achromatic 
lens, was allowed to traverse the optical system axially. The 
crystal was mounted on a graduated turn-table, capable of 
rotation both about a vertical and a horizontal axis. The plate 
was adjusted to be normal to the path of light by the usual 
method. The transmitted light was allowed to fall on the slit of 
a spectrograph. 

A thin plate of the monoclinic crystal chrysene (1, 2 
benzo-phenanthrene) parallel to its (001) face was used to obtain 
the spectrograms reproduced in Figs. 1 to 5 in Plate II. Fig. 1 
corresponds to the case where the incident light vibrations are 
parallel to one of the principal axes of the crystal plate (namely, 
the ‘b’ axis) and the analyser is removed from the path of the 
transmitted light. Fig. 2 is a similar spectogram obtained with 
the incident vibrations along the other principal axis, viz., the 
V axis, of the crystal. The refractive index and also the 
dispersion of the crystal for vibrations along the ‘5’ axis 
are much larger than for vibrations along ‘ a consequently, 
the first fringe system is more closely spaced than the second, 
besides also having a slightly better visibility, since due to the 
higher value of the refractive index the reflectivity is also higher. 

Fig. 3 was obtained with incident unpolarised light, which 
may be taken to be equivalent to two vibrations of equal intensity 
along the first and the second principal axes, respectively, of the 
crystal. The fringes obtained may therefore be treated as 
though they were obtained by superposing those in Figs. 1 and 
2. The frequent alternation in the degree of visibility are 
dearly brought out. Fig. 4 was obtained with the crystal 
between parallel Nicols, at 45° to the crystal axes, and Fig 5 
corresponds to the Nicols crossed. In both the figures, namely, 
4 and 5, the positions of maximum and minimum visibility are 
clearly the same as in Fig. 3, and further every alternate posi- 
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tion of maximum visibility is dark, as required by theory. 
For all the figures, a Cu arc spectrum has been given for refer¬ 
ence. Fig. 6 (Plate III) is a microphotometric record of a 
small portion of the negative corresponding to Fig 3. The 
regions of maximum and minimum visibility are brought I out 
even more clearly than in Fig. 3. Fig. 7 is similarly a micro¬ 
photometric record corresponding to Fig. 4. The figure shows 
clearly that the regions of maximum visibility are lalternately 
dark and bright. 

Observations were also made with other crystals, e.g., potas¬ 
sium chlorate, mica, which can be obtained in the form of natural 
thin plates, and similar results were obtained. 

8. Comparison with the Observations of Chinmayanandam on 
Haidinger's Rings in Crystalline Plates . 

Following Lord Rayleigh 2 who first drew attention to the 
complication in the Haidinger rings observed with mica, arising 
from its doubly refracting properties, Chinmayanandam 8 and 
later, Schaefer 4 have studied the phenomenon in great detail, 
both theoretically and experimentally. They find in the observed 
interference system, there are curves of minimum visibility 
(which may be considered as arising from the superposition of 
two sets of Haidinger fringes), coinciding with the isochromatic 
lines that would be obtained with a plate of double the thickness 
under crossed nicols in "convergent light.” It is easily seen 
that the phenomenon treated in this paper is complementary to 
that observed by these authors. In their experiments, the incident 
light is monochromatic and the interference system observed arises 
from the different points in the field of view corresponding to 
different angles of observation and therefore to different 

* Lord Rayleigh, 'Phil. Mag.,’ Vol. 12, p. 186 (1906). 

* T. K. Obinmayanandam, *Proc. Boy. Soc.,' A, Vol. 95, p. 175 (1919). 

4 0. Schaefer and K, Fricke, 'Zeits. f. Physik,’ Vol. 14, p. 253 (1923); G. Schaefer, 
i bid, Vol. 17, 155 (1923). 
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lengths of path in the crystal. On the other hand 
in the present experimental arrangement, the direction of 
observation is always the same, namely, normal to the crystal plate, 
and hence the distance traversed inside the crystal is the 
same for all the rays. The differences in optical path that give 
rise to the interference system in this case arise from the differ¬ 
ences in refractive index for different wave-lengths, the incident 
light being now white. In both Chinmayanandam’s experiments 
and in ours, because of the double refraction of the plate, there 
will be two sets of interference fringes which would have differ¬ 
ent spacings and the occurrence of maxima and minima of 
visibility in both the cases has a similar explanation. Indeed 
the analogy will be even closer if the Haidinger fringe system 
of the crystalline plate is observed in the transmitted light 
instead of by reflection as in Chinmayanandam’s experiments. 
The curves of maximum visibility in this case would coincide 
with the isochromatic lines that would be observed between 
crossed nicols with a plate of the same crystal of double the 
thickness. The birefringence fringes in the present experiment 
will be analogous to the isochromatic curves described above- 
Further their positions are the same as the positions of maxima of 
visibility obtained with the crystal plate, when its thickness is 
halved. With crystal plates of sufficiently large thickness, the 
individual fringes may be too close to be rssolved by the 
spectroscope, and only the birefringence fringes may then be 
visible. 

9. Analogy with Other Phenomena. 

According to the theory developed in this paper, the bi¬ 
refringence fringes are viewed as arising from the superposition 
of the two sets of closely spaced fringes having a small differ¬ 
ence in spacing, every alternate position of maximum visibility 
of the superposed system corresponding to the dark band of the 
birefringence system. The frequency of occurrence of the 
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birefringence fringes in the spectrum will therefore be much 
smaller than that of either of the two original systems which 
give rise to it, by superposition (actually half the difference 
between the two original frequencies). Thus it is possible to 
observe the birefringence fringes even under conditions where 
the original systems of fringes may be too closely spaced to be 
resolved by the spectroscope. The analogy with the * hetero¬ 
dyne ’ beats in wireless, which are detectable, while the 
individual waves that continue to produce the beats are not, is 
obvious. 

It should be mentioned here that the above view of the 
birefringence fringes as arising from the differential combination 
of two sets of closely spaced fringes is again analogous to the 
explanation suggested some years back by Schuster 5 for the 
origin of Brewster's bands as due to the superposition of two sets 
of Haidinger rings due respectively to the two plates. The 
analogy may be easily followed in detail. 

In conclusion, I express my heartfelt thanks to Prof. K. S. 
Krishnan, for his valuable suggestions and the keen interest he 
has taken in my work throughout. My thanks are also due to 
Mr. P. K. Seshan for helping me in many of the experiments. 

* Sir Arthur SchusUr, ‘Phil. Mag.,’ Vol. 48, p. 609 ( 1924 ). 
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Are not Liquid Sodium-Amalgams Colloidal ? 

(A reply to the criticism of Henry E. Bent) 

By 


R. M. Joshi. 

(Received for publication May 27, 1934 .) 

Abstract. 

All the important arguments raised by Bent in hiB discussion of the 
paper of Paranjpe and Joshi are considered and it is attempted to show 
that the probability of dilute liquid sodium-amalgams being colloidal 
systems is greater than Bent admits. 

Henry E. Bent ( J. Phys. Ghem., 37, 431-436, 1933), has 
recently criticised the views published in this journal by 
Paranjpe and the present author (J. Phys. Ghem., 30, 2474, : 
1932) and has tried to refute the arguments given there in 
support of the colloid view of dilute liquid sodium-amalgams. 
He has also adduced facts which in his opinion either prove or 
constitute strong evidence that sodium-amalgams are true solu¬ 
tions. I have corresponded with Dr. Bent and having clarified 
the points at issue now endeavour to give a detailed reply to 
what has been cited against the colloid view of dilute liquid 
sodium-amalgams. 

It is not claimed that any of the points under discussion 
cannot be explained on the true solution theory but it is sub¬ 
mitted that the simplest and the most direct explanations are 
obtained from the colloid theory. In fact Bent agrees with the 
possibility of a “lyophillic reversible colloid in rather concen¬ 
trated liquid amalgams what I strive to prove is the probabi¬ 
lity even in dilute amalgams. 
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Two points emerge from Bent’s discussion on which I 
must agree with him. They are (i) that our reference to 
Vanstone*s conductivity data (Trans. Farad. Soc., 9 , 291, 1914) 
has been rather beside the point since the range of concentra¬ 
tions he was studying was high compared with the others dis¬ 
cussed and ( ii ) that we misunderstood the term superfusion as 
used by Vanstone ( loc. cit.). But it is clear that none of them 
is crucial as between the true solution theory and the colloid 
hypothesis. Even admitting (i) above, the discrepancies in the 
results of Davies and Evans (Phil. Mag., (7), 10 , 569, 1930), 
Hine (J. Am. Ghem. Soc., 39 , 879, 1917) and Bohariwalla and 
others (Ind. J. Phys., 4 , 147, 1929) can still be referred to the 
differences in their methods of preparing the amalgams as shown 
elsewhere in this paper. Similarly since super-cooling can be 
exhibited both by true and colloidal solutions, the point (ii) above 
is of no effect on the general position. 

Bent agrees that the large heat of solution indicates that the 
system sodium-mercury cannot be lyophobic with sodium as the 
disperse phase if it is assumed to be colloidal. Consequently, if 
colloidal it must be lyophillic as suggested by Paranjpe and 
the present author in the paper under criticism. 

Barave’s results which show a change of viscosity of sodium- 
amalgams with time have been published by Paranjpe in the 
Indian Journal of Physics (Vol. VII, Part 1, 95-97, 1932). The 
suggestion that sodium might have separated as scum on the 
surface has already been considered by Paranjpe and the present 
author and rejected. Besides, the work of Paranjpe and the 
present author on the stability of liquid sodium-amalgams (J. 
Bombay University, Vol. I, Part II, 17-24, 1932) shows that 
the amalgams do remain stable and show no separation of sodium 
for a period of over a week. Consequently the change in visco¬ 
sity was referred to a process of coagulation on the colloid hypo¬ 
thesis as no simple explanation could be obtained from the true 
solution theory. 
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Bent agrees (private communication) that these results are 
the strongest support of the colloid hypothesis and intends to 
repeat them.* 

Bent states that amalgams have frequently been kept for 
years in his laboratory in flasks which were highly evacuated 
and baked to remove absorbed water and that during such inter¬ 
vals of time they showed not the slightest trace of scum. A re¬ 
ference to his work (Bent and Hildebrand, J. Am. Chem. Soc., 
49 , 3011, 1927) shows that his amalgams were prepared by 
distilling mercury into pure sodium. Paranjpe and Joshi 
worked with electrolytically prepared amalgams and with their 
technique fully described in their paper on stability of liquid 
sodium-amalgams ( loc. cit.) developed scums on standing. If, 
as Bent suggests, the scum was due to absorbed water or impure 
pitrogen it ought not to disappear on shaking or boiling under 
reduced pressure. Our observation is that it did disappear.! 
The explanation of this process of scum-formation on the colloid 
hypothesis has already been given. It is a sort of a cream 
formed by intense absorption of micelloe into the surface. 

The other two arguments that led Bent to suppose that the 
properties of liquid sodium-amalgams do not depend upon the 
method of preparation have to do with our discussion of the 
conductivity data given by various authors and the work of 
Willstatter and co-workers (Ber., 61B, 871-886, 1928) on the 
reducing properties and the rates of interaction with conductivity 
water. In connection with the former, inspite of all that is said 
it must be pointed out that Davies and Evans specially mention 
the fact that they could not obtain the lower discontinuity 
which Hine and Bohariwalla and co-workers obtained indepen¬ 
dently of each other. As Bent quotes, they thought it is diffi¬ 
cult to decide with certainty whether these discontinuities in the 
curves are real owing to the experimental difficulties, but it seems 
that before adverse decision the possibility of properties depend* 

* Result* en Ca-Sr- and Ba-amalgams show no such change. 

f Unfortunately this fact was not clearly mentioned in our first note* 
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ing upon the method of preparation should be given a fair trial. 
Since the methods of preparation adopted by Hine and Bohari- 
walla and co-workers were nearly the same and their results 
agreed between themselves and since the method of preparation 
followed by Davies and Evans has been diffierent the disagree¬ 
ment must in the first instance be attributed to the difference in 
the method of preparation. 

The argument of Bent that Willstatter’s results are due to 
impurities seems to be unnecessarily conservative. It is true 
that W^illstatter and co-workers thought that they might attri¬ 
bute the differences in properties to the possible presence of 
impurities from the walls of the vessels. But the following 
references will show that the probability is not high. Thus 
Rabinovitsch (Roll. Zeits., 52, 31, 1930) has shown that iron is 
hardly soluble in mercury and that it is very difficult to amal¬ 
gamate iron with mercury. Again porcelain does not dissolve 
in either mercury, or sodium or a sodium-amalgam. This 
leaves the possibility of the Hessian Crucible yielding impuri¬ 
ties. Willstatter’s results show that the properties of amalgams 
prepared in these three types of vessels vary one from the other 
in all cases. An easier explanation, however, lies in the direc¬ 
tion of a “ wall-effect” as suggested by Paranjpe and the present 
author. 

Let us now turn to the evidence which according to Bent 

points towards true solutions. The most convincing according 

to him is to be found in the vapour-pressure data of Bent and 

Hildebrand (</. Am. Ghem. Soc., 49 , 3011, 1927). These were 

obtained at temperatures between 554 to 651°K. while the case 

discussed is of amalgams at room temperatures, i.e., about 300°K. 

It is possible for lyophillic solutions to be highly peptized at 

such high temperatures and thus resemble true solutions in 

certain respects (Gf. Freundlich, ' Colloid and Capillary 

Chemistry,/ translated by Hatfield, 805, 1926). Now, even 

with true solutions the deviation as expressed by /3 in the 

2 

equation log a/Nj=/JN a decreases with rise of temperature. In 
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the work of Bent and Hildebrand fi decreases from 20 for 
298°K. to 12*82 for 648°*1 K. The question is not so much the 
interpretation of the change in /3 as of j3 itself. Can such 
deviations be caused by the formation of colloid micelloe in the 
system ? The answer seems to be in the affirmative since among 
the factors that bring about deviations from ideal behaviour are 
included association of the solute and complex formation between 
the solute and the solvent. Bent and Hildebrand explain these 
deviations by assuming the simultaneous presence of five (or 
perhaps more) different compounds between sodium and mercury 
each obeying Raoult’s law, but they also add, “ Doubtless other 
compounds are present and other factors would have to be 
considered for an exact treatment of the behaviour of these 
amalgams.” It is suggested that the colloid hypothesis makes 
matters simpler and affords a more direct explanation of the 
deviations. 

The other piece of evidence advanced by Bent is the freezing 
point data. Since the experimental and the theoretical values 
of freezing point depression agree for very dilute amalgams as 
pointed out by Bent, and since the results of Bent and Hildebrand 
suggest a compound of the formula NaHg ia to be present in very 
dilute amalgams, evidently we are dealing with an instance of 
what Kendall (J. Chem. Soc,, 127, 1778, 1925) describes as 
pseudo-ideal. Also the difference in the internal pressures of 
sodium and mercury is not small (c/. Hildebrand, “ Solubility,” 
Chemical Catalog Company, U.S.A., 1924). The effect of the 
internal pressure difference seems to be counterbalanced by the 
other factors such as micelloe formation, tending to bring about 
an opposite kind of deviation. 

The third piece of evidence advanced in this connection by 
Bent is the crystalline structures exhibited by Vanstone’s micro¬ 
photographs. The fact that the structures are crystalline is no 
evidence against the colloid hypothesis. It is possible to obtain 
crystalline solids by freezing colloidal solutions. Freundlich 
{Joe. cit. L p. 582} while summarizing the influence of freezing on 
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the stability of lyophillio sols mentions the following fact. 

“Upon freezing we observe.that the micelloe are forced 

together by the ice in crystallizing out and finally separate in the 
form of flakes or of a fine net work with many meshes.” The 
changes experienced by a potassium stearate coagel in the course 
of time are known to involve various stages of coarsening and 
resulting in the formation of crystals. 

Finally there remains to discuss one more point raised by 
Bent in connection with transference of sodium with an electric 
current. He suggests that conductance data would have to be 
precise to one part in one hundred thousand in order to give 
much information regarding the behaviour of sodium since the 
conductivity is practically all electronic and the transference 
number of sodium in these amalgams is less than 10~ 5 . No 
doubt all conductivity is electronic and the data available do not 
have the precision required by Bent, but it is known that the 
conductivity concentration curves do show discontinuities at 
approximately the same concentrations and the endeavour is to 
interpret them. If on the compound formation theory the 
migration of sodium is to be referred to be slight ionisation of the 
compounds (at least five according to Bent) the transference 
number of sodium would have to be more than 10~‘ and the 
current densities in the electrolytic experiments would not be 
high. The low transference number and the high current 
densities suggest, on the other hand, that the migrating ions 
which contain sodium are very heavy and encounter great 
resistance to motion. This means that the ions going towards 
the cathode are very large and have large amounts of mercury 
associated with them. The largeness of these ions is enough to 
impress colloid properties on the system (Of. the colloid pro¬ 
perties exhibited by many true solutions of some of the more 
complex organic dyes). 

Thus in the light of what has been said above it would 
appear |that the probability of dilute liquid sndinm- fl.mfl.lgfl.mR 
being colloidal systems is greater than Bent admits. 
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My thanks are due to Dr. T. S. Wheeler and Professor 
G. R. Paranjpe of this Institute for the interest they took in the 
preparation of this paper. 


18th October, 1933. 
Ro?al Inbtitutb op Soiencb, 
Bombay, India. 
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Thermionic Emission and Catalytic Activity, 
Part III. A Mechanism of Activation of 
Gases at Hot Metallic Surfaces 

By 

B. S. Srikantan. 

(Received for publication, January, 1933 ; revised 
September, 1934.) 

Abstract. 

A parallelism between thermionic emission and catalysta has been 
drawn. A view is advanced that in a hot metallic catalyst the process of 
activation is primarily due to the collision of the adsorbed molecule with 
the freely moving electrons ; and an expression is derived, connecting the 
velocity constant and the temperature co-efficient, which is tested by, ex¬ 
perimental data available. This is shown to be a more general equation 
than that of Arrhenius. 

Langmuir 1 found that chemically indifferent gases have 
no effect on the electron emission from tungsten but poisons 
suppressed the emission of electrons from it. Briner 2 and 
collaborators have shown that in the oxidation of nitrogen by 
platinum and other catalysts, the catalytic efficiency bears a 
constant ratio to their power to emit electrons. Further Thomp¬ 
son 8 and Srikantan 4 find that chemical activation of gases at 

I Langmuir, Trans. Faraday Soc., 17, 641 (1921). 

* Briner, Helv. Ohem. Acta., 9, 634 (1926). 

* Thompson, Pby. Zeit., 14,11 (1918). 

4 Srikantan, Ind. Jour. Phys., 9, 685 (1980). 
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catalytic surfaces is perceptible at the temperature at which 
thermionic emission commences. Taylor * claims that catalysis 
is not due to the entire surface of the catalyst but is confined 
to certain active patches or centres on it. Experiments by 
Richardson 9 on thermionic emission from metal surfaces have 
shown the interesting fact that the emission of electricity from 
a hot surface does not occur uniformly over the surface but 
from localised patches. The author’s work* has shown that 
thermionic emission from a filament coated with mixtures of 
ceria and thoria is maximum with that containing about lj% 
ceria. It has been already observed by Swan 9 that the 
catalytic activity of wires coated with ceria-thoria mixtures 
is maximum with one containing ceria. It is the object 

of this paper to associate the two sets of observations by claim¬ 
ing the catalytically active patches to be the same as those that 
are tliermionically active. 

Further, Arrhenius’ equation 9 is usually taken as a guide in 
finding the relation between the velocity constant and tempera¬ 
ture. But it is purely empirical. It gives us a.measure of the 
energy of activation in any reaction but does not give us any 
idea as to the mechanism of activation in catalytic processes. 

“ In gases the accumulation of energy is due to collisions 
among the molecules of the gas.” 10 But the accumulation of 
energy in a film of gas adsorbed at a solid surface is more com¬ 
plicated than that in a gaseous phase. Due to the presence of 
the residual affinities on the surface and their tendency to build 
up a continuation of the lattice arrangement, the adsorbed film 
of gas forms a part of the surface also. 11 In a thesis submitted 

* Taylor, Proc. Roy. Soc., 108A, 105 (1926). 

# Richardson, Proc. Roy, Soc., 107A, 377 (1925). 

7 To be published shortly in the Journal of the Indian Chemical Society. 

8 Swan, Jour. Chem. Soo., 125, 780 (1924). 

9 Arrhenius, Zeitsch. Physik. Chem,, 4 , 226 (1889). 

W J. J. Thomson, Phil. Mag., 37, 378 (1924). 

“ Cf. P. H. Constable, Proc. Roy. Soc., 108A, 359 (1925). 
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to the Dacca University by the author (1930) while considering 
the various factors contributing to the accumulation of energy 
in a film of gas adsorbed on a catalyst material, attention was 
drawn to the fact that the atoms of the solid (characterised by 
the existence of specific heat) might share their energy of 
vibration with the adsorbed molecule of the gas and thus help 
to accumulate energy in the adsorbed film. Evidence has also 
been brought forward for such a view. 13 It was also suggested 
that the freely moving electrons in a metallic catalyst 13 might, 
under suitable conditions, come into collision with the adsorbed 
gas and thus activate it, just as is likely to happen in free 
space. 14 

Here, if one assumes that the velocity of any gaseous re¬ 
action on a hot metallic surface is due to and is proportional 
to the saturation current at that temperature, then one 
obtains an interesting relation between the velocity constant 
and the temperature. This new equation is shown at the end 
of this paper to be equally applicable as that of Arrhenius and 
in fact more general than the other. Further, it serves to 
connect the two sets of observations on thermionic emission and 
catalysis and shows that the little understood mechanism of 
catalytic activation of gases at hot metallic surfaces is mainly 
due to the collision between the thermions and the adsorbed 
gas. However under simplifying conditions the equation reduces 
to that of Arrhenius. 

Thus the kinetic energy of an electron is £ mi 3 , where 
m=mass and ¥ = the mean velocity in cms. per sec. 

In time 0, the space travelled by N electrons is Nv0. 

If E is the energy of activation at temperature T and it is 
solely derived from a collision with an electron, then an electron 

» Ind. Jour. Phys., i, 539 (1930). 

18 J, J. Thomson, Applications of Dynamics to Physics and Chemistry*, p. 296. Biecke 
and Drude, Annal. d. Physik, 66, 863 and 1199 (1898); 1, 666 (1900) ; a, 886 (1900). 

, 14 J. J. Thomsoni British Ass . Rep., Sheffield (1910), p. 601. 
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travels before activation of the gas through impact with an 
adsorbed molecule, a distance of 2vE/mv s or 2E/mv cms- 

Then the number of collisions of an electron on the surface 
per cm. of its path, which terminate the free path equal to or 
greater than 2E/mv is given by Ce-aE/m*! where C *= total number 
of collisons per cm. of its path and l=mean free path. 

If every collision is effective, the number of gas molecules 
chemically activated per unit area of active surface in time 6 is 

N yO Ce-aE/m* 1 


or K=NvCe— !8B /“»i, where K is the velocity 

constant. 

But C oc T and N*= i/e where i is the current, 

k 

orK =—XixTe where k! is a constant. 

e 

But 1 oc 1/c or 1/k, T 

Therefore 

V J — 2kiET/m» 

K/T= iL 4 

Since T 1 /v 1 =T a /¥„ 2k 1 ET/mY=X, a constant, and the 
equation becomes 

K _k 1 Tie-» 

e 

It has been shown ( loc. cit.) that the emission of electricity 
is perceptible at the temperature when catalysis also begins. 
Therefore for i in the above equation one can put the value of 
the saturation current at T, 


i.e. A i=AT 
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Therefore 


K=^i AT 8 ^ a e(— b /T+K) i where b is a constant ; 

e 1 

or YT 3/a c~<bT+X) gg [El A=Y, a constant. 

e 

The validity of the above equation is tested by plotting 
(—log K+3/2 log T) against (1/T) which ought to be a straight 
line in the case of a single reaction. It is found to be so. The 
accompanying graphs from the data of Hinshelwood and his 
collaborators 18 on the thermal decompositions of ammonia on a 



D«C«*roftlt !on of filamot. 

A - Arr^«« Eq^Mon 


Fig. 1. 


“ Hinthalwood and collaborators, Jour. Chem. Soc,, 187.837 and 1116 (1926). 
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A - ArrhahW* 
S.T>>* 


Fig. 2. 

tungsten filament and that of nitrous oxide on platinum* show 
the applicability of the present equation as that of Arrhenius.* 
If however the temperature considered is only over a limited 
range in any set of observations, the term (3/2 log T) can be 
almost considered to be a constant and the equation reduces to 
that of Arrhenius. 

Dipartmhnt of Technical Chemistry, 

Collbob of Engineering, Guindy (Madras) 
and Andhra University, Waltair. 


* Note.—Instead of -log k the values plotted are those of log t , where t is the time 
required for a definite fraction of the reaction to proceed at a given pressure. (C/. Hinshel- 
wood : The Kinetics of Chemical Change in Caseous Systems , 1929, p. 48.) 
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On the Determination of the Absorption 
Coefficient of Sound 

By 

R. N. Ghosh and Haji Ghulam Mohamed. 

Physics Department, University of Allahabad. 

(Received for publication, June 2, 1934.) 

Introduction. 

This paper forms a preliminary report of the investigations 
into the acoustic properties of certain materials which are easily 
available in different parts of India. It is likely, however, that 
the climatic conditions might have an important effect on the 
sound-absorbing properties of materials so much so that the 
results of the tests carried out, say in America, might be very 
much different from those that could be obtained in India. 
Humidity, for instance, might considerably change the very 
nature of the acoustic substance by filling its pores with water 
particles and thus seriously affecting the sound-absorption. 
Secondly, dust in India is also an important factor in determining 
sound-absorption co-efficient of any material. With this in 
view, it was considered desirable to carry out 3 uch tests afresh 
with materials which have already been tested elsewhere. 

The method employed in these investigations was the 
stationary-wave method which had previously been used by 
E. T. Paris. 1 

22 
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Theory. 

THe tHeory of the method is briefly as follows 

iW.hen one end of a long cylindrical pipe is closed by means 
of a perfect reflector, the other end remaining open to a source 
of sound of constant pitch and intensity, sound waves from this 
source travel down the pipe and are completely reflected back 
from the perfect reflector. The amplitudes of the incident and 
reflected waves in this case would be equal and thus a stationary 
wave would be formed in the pipe so that there would be maxi¬ 
mum pressure variation at the nodes and zero pressure-variation 
at the anti-nodes. If, however, we replace the perfect reflector 
by a specimen that absorbs part of the incident sound-energy, the 
amplitude of the reflected wave will be less than that of the 
original incident wave so that we would have within the pipe 
two stationary waves of amplitudes A + B and A— B respectively 
which might be regarded as super-imposed upon each other in 
such a way that the nodes and anti-nodes of the first are one 
quarter of a wave-length away from those of the second system 
of stationary waves. Here A is the amplitude of the incident 
wave and B that of the reflected one. 

Now a the co-efficient of sound-absorption is defined by 


where E< is the energy-flux in the incident waves, E r that in the 
reflected waves and these are proportional to A 2 and B 2 respec¬ 
tively. If now we determine a/b, the ratio of the maximum 
pressure-amplitude to the minimum pressure-amplitude we can 
readily calculate a in terms of the ratio a/b. Thus, since 


a 9 —B 2 
a A 9 


and 


o _ A + B 
F 
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we have, 

a= — i — ... (2) 

2+i +i 

b a 

For details see E. T. Paris, (lac. cit.) p. 270. 

Description of the Apparatus. 

The apparatus employed in the present investigation does 
not differ much from that used by E. T. Paris. It consists of an 
experimental pipe made from three earthen-ware glazed drain¬ 
pipes (5 cms. wall thickness) cemented together. The dimensions 
of the pipe are about 30 cms. internal diameter and 180 cms. 
length. Since it was placed in a sequestered place in the 
laboratory, far away from the traffic, all such precautions to 
prevent the communication of the external vibration to its walls 
which might effect the hot-wire microphone readings, were quite 
unnecessary. At one end of the pipe a wooden box of dimensions 
3 ft. length, 2£ ft. breadth and 2£ ft. height, served the purpose 
of the sound-chamber. 

The perfect reflector was merely a disc of 37 cms. diameter 
cut out of a brass sheet 0 - 25 inch thick and was solidly mounted 
on a wooden disc of the same size and about 1^ inch thick. The 
specimens to be tested were also made in the form of discs of 37 
cms. diameter and were mounted on the perfect reflector. This 
whole system was placed in the open end of the pipe and made 
air-tight by means of a rubber-washer and cotton-waste filling 
all round the rim. The surface of the specimen was always kept 
normal to the axis of the experimental pipe. In the sound- 
chamber and opposite to the open end of the pipe was placed a 
moving coil type loud-speaker about 50 cms. away from the open 
end and the stationary wave produced by it was tested by the 
detecting apparatus. A diagram (Fig. 1) is appended here to 
. show the velocity amplitude along the axis of the pipe. The 
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Fig 1. 


microphone used as the detecting apparatus in these experiments 
was, in all essential detail, the ordinary selective hot-wire 
microphone used by Tucker a and Paris, but was made as small 
as possible so as to avoid any perceptible disturbances by its 
presence in the sound pattern inside the experimental pipe. 

This microphone was mounted rigidly on a stand fixed in 
an iron rod about 350 cms. long and the height of the stand was 
so adjusted that the centre of the orifice of the microphone lay 
on the axis of the pipe. A short piece of brass rod bent in the 
shape of a semi-circle of radius equal to the internal radius of the 
clay-pipe and rivetted normally to the iron rod served well to 
keep the microphone always on the axis of the pipe in all its 
positions throughout the entire length. In order to avoid jerky 
motion, noise and friction, the semi-circular brass rod was 
encased in a piece of rubber tubing. 

To measure the changes in the’ resistance of the hot-wire 
grid, Wheatstone’s bridge method was employed. By including a 
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part of Callendar and Griffith’s bridge in one of the arms of a 
post office box, the changes in the resistance of the order of O'l 
ohm could be easily ascertained. Smaller values of resistance 
changes could be directly read from the galvanometer deflections 
which indicated a resistance change of O'001 ohm for one mm. 
deflection. We had only one microphone at our disposal and so 
we could not use a compensating microphone. This gave us 
much trouble in the beginning because of the fact that we passed 
a steady current of 37 m. amps, through the microphone and 
the resistance of the post-office box, which got heated on account of 
such heavy current, rendered the balance unsteady. To remedy 
this we constructed a special resistance coil of thick wire about 
260 ohms resistance and thus by avoiding the use of high 
resistance coils (greater than 20 ohms) in the post-office box 
obtained the desirable steadiness of the balance. In this arrange¬ 
ment the balance became quite steady after about half an hour. 
When exposed to the sound, the fall in resistance of the hot wire 
grid was somewhat about 25 ohms at a maximum depending upon 
the accuracy of the tuning, the strength of the current to heat the 
grid and the intensity of the sound. This order of resistance 
change was found by experience to be very convenient for our 
purpose. A diagrammatic representation of the change of resis¬ 
tance with the relative positions of the microphone inside the pipe 
for a particular tuning and the heating current 37 m. amps, is 
shown in Fig. 1. After the balance has been obtained with no 
sound and a steady heating current of 37 m. amps, and the 
microphone having been kept at one of the maxima it was found 
that whenever the sound was switched on, the milliammeter in 
series with the grid showed a rise in the heating current due 
to the fall in the resistance of the grid. To obtain the balance 
then with the sound it was necessary to adjust the heating 
current to its original value correctly, because an error of 
about O'l m. amp. in the heating current introduced an error of 
about 0*6 ohms in the value of the change of resistance in the 
grid. That this is very important might be seen from Fig. 2 1 
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Fig. 2. 

in which the resistance changes are plotted against the heating 
current for a particular constant intensity of the source of sound 
for the same position of microphone. In order to avoid this 
source of error it was necessary to read the milliammeter as 
accurately as possible through a microscope and always adjust 
the current by means of a sliding resistance to the original 
value before taking readings. 

The source of sound which was a moving coil type 3 loud¬ 
speaker was actuated by means of a Numan’s Oscillator* of a 
fairly constant pitch and intensity. The oscillations from 
this oscillator were first amplified by an audio-frequency one-stage 
amplifier and then sent to the loud speaker. The microphone 
itself was a good indicator of the constancy of the intensity, 
because unless the intensity of the source was constant the 


9 Now we have placed a copper oxide rectifier in the L. S. circuit to ensure the cons¬ 
tancy of the intensity by observing the deflection of a galvanometer. For success with the 
type of oscillator used, it is very necessary that all the batteries should be fully charged, 
specially the low tension ones. This has also been changed to a valve maintained tuning 
fork oscillator. 
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balance could not remain steady. Complete electrical diagram 
of the sound-producing apparatus is shown in Fig. 3. 



Fig. 3. 


Procedure. 

The experimental procedure was as follows :—The micro¬ 
phone was moved roughly in the position of a maximum and 
then tuned to the frequency of the note of the loud-speaker by 
slowly altering the volume of the container until the fall of 
resistance of the grid observed was maximum for the same note 
and the same position of the microphone. Very accurate tuning 
of the instrument for these experiments was not at all necessary. 
The specimen under observation was then mounted on the perfect 
reflector and placed at the end of the pipe. The source of sound 
was switched on and the microphone was then moved to the 
position of maximum resistance change by a very slow motion of 
the sliding rod keeping eye on the spot of light from the galvano¬ 
meter. The turning point of the spot of light which would be 
located within one millimeter movement of the iron rod indicat¬ 
ed the exact position of a minimum. After reading the milliam- 
meter, and adjusting the sliding resistance to make the heating 
current exactly 37 m. amps., the deflection pi was noted down 
with sound; the balance-point without sound having already 
been noted down. Several reading of pi were taken. Then the 
microphone was moved to the position of maximum,' the ourrent 
adjusted to 37 m. amps, and the balance obtained without sound, 
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and change in resistance say p 3 due to sound was also noted 
down. After this the specimen was removed and the perfeot 
reflector alone was placed in position. 

Then the position of the microphone for a minimum change 
of resistance (in terms of galvanometer deflection) was re¬ 
corded. As a matter of fact there should be absolutely no 
change of resistance with and without sound if the reflections 
from the surface of the reflector were perfect. But it was never 
the case; there being always a change of resistance of the order 
of about 0'005 ohms. This at present was neglected. The rod 
was then moved very slowly in one direction until the deflec¬ 
tion was p u and the position of the microphone was noted down. 
The difference between these two positions of the microphone 
say y v was thus obtained. The same process was repeated by 
a slow motion of the rod in the reverse direction and the value 
of y' u on the opposite side of the position of minimum to give 
the same fall of resistance p lf as before, was also determined. 
This process was repeated several times. The same process was 
repeated and y 3 and y\ the respective displacements of the 
microphone from the position of the minimum to one required 
to give a fall of resistance equal to p 3 , were determined. 

It is clear that the pressure-amplitudes in the system of 
stationary waves which produced the resistance changes pi and 
Pi must be proportional to sin ky u and sin ky 2 where ft=2ir/\, \ 
being the wave-length. The value of k thus obtained 
was 0’091. 

Hence the ratio a/b comes out to be equal to sin ky 3 /sin ky x 
and thus a can be calculated from equation (2). 

The half wave-length was found by observing the position 
of the microphone at the two successive nodes. The frequency 
of the note from the source of sound was determined correctly 
from the knowledge of the velocity of sound in air at that tem¬ 
perature and humidity to be equal to 512. The results are set 
down in details in tables below. 



ABSORPTION COEFFICIENT OF SOUND 


175 



ig - heating current in the grid, 
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37*0 88*0 3*30 
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Discussions. 

The greatest disadvantage of this method of determining 
sound absorption co-efficient of materials having a low value for 
a is due to the fact that the so-called perfect reflector never fulfils 
the conditions of the perfect reflector demanded by the theory 
of the method and hence the results thus obtained are always 
higher than what they ought to be. To neglect the small 
sound-energy absorption by the system and the reflector 
will be serious in the case of materials having a low absorption 
co-efficient. 

The other prominent sources of error found by the authors 
were as follows :— 

1. A slight carelessness in placing either the specimen or 
the perfect reflector in an airtight way influences the result 
appreciably. The value of a thus obtained is always higher than 
what it should be. 

2. Avoiding altogether the use of a sound chamber to keep 
the source of sound insulated, so to say, from the moving objects 
(for instance the experimenter himself) inside the room where 
the apparatus is installed, has a very uncertain effect on the 
quantity of sound-energy entering the experimental pipe. 

3. To keep any object inside the chamber in such a way 
that this object occupies different positions inside the chamber 
during one experiment is also a serious source of error. In such 
cases too, the sound energy entering the pipe is affected. 

4. A slight carelessness in closing the door of the sound- 
chamber has also some slight measurable effect on the results. 

6. Changes in either the frequency or the intensity of the 
note impairs the accuracy of the results greatly. 

6. Unevenness in the surface of the pipe or displacing the 
orifice from the axis is also an uncertain source of error. 

7. The presence of the microphone inside ther pipe is also 
a small source of error but may be neglected. 
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In the present investigation, though some of the most 
prominent sources of error have been eliminated, still we think 
our results to be a little too high. The work is still in progress 
and we hope to report the results concerning the effect of 
humidity on the absorption co-efficient of materials shortly. 


Summary. 

This is a preliminary report on the determination of the 
co-efficients of sound-absorption of a few specimens by the 
stationary-wave method. 

The stationary waves were produced in a long clay pipe by 
a source of sound which was kept in a sound chamber and the 
sound intensities at different places in the pipe were measured 
by a movable hot-wire microphone tuned to the frequency of the 
source of sound (a Numan’s Oscillator} having a fairly constant 
frequency and intensity. 

The specimens so far tested were :—1. Hair-felt. 2. Cotton- 
waste. 3. Plaster on bricks. 4. Asbestos 5. Khaddar. 

The apparatus is very sensitive. The work is still in 
progress. 
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Abstract 

123 new lines of ionised iodine have been measured between A1275 
and A.2376, using a one-metre vaeum grating. The spectrum was excited 
by electrodeless discharge in tubes filled with iodine vapour at less than 
'05 mm. pressure. 

The earliest measurements of the arc and spark spectra 
of iodine in the visible and ultra-violet regions are due to Konen 
and Exner and Haschek 1 . Later, Wood and Kimura 2 measured 
a large number of lines between X 7468 and X 4682 in Geissler 
tubes, and showed that several of these lines possessed hyperfine 
structures. Still later, L. Bloch and E.Bloch 8 in an interest¬ 
ing work excited the spectra of iodine by electrodeless discharge, 
and succeeded in sorting out the lines due to various stages of 
ionisation. Their observations extended from X 7360 X 2220 
and are obviously of great help to work of classification. The 
most recent and also the most accurate measurements are due to 
W. Kerris, 4 who measured 687 lines lying between X 7486 and 

1 Kay Mr’s ‘ Hand booh der Spektroscopie.’ 

* * Astrophys. Jour.,’ Vol. 46, p. 181 (1917). 

3 ■ Ann. do phys.,’ Vol 11, p. 141, (1929); Vol. 16, p. 608 (1931) 

4 • Zeits. f. Phy*.,’ Vol, 60, d. 20 (1930). 
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X 2562 in Geissler tube condensed discharge. In the Schumann 
region, evidently the only observations available so far have been 
by L. A. Turner 5 who has restricted his experiments to the 
excitation of the arc spectrum of iodine in the fluorite region. 
In the present work, an attempt has been made to measure the 
arc and spark lines of iodine from X 2376 up to the transmission 
power of fluorite. 

Experimental. 

The spectrum of iodine was excited by electrodeless discharge 
in a pyrex tube 25 cms. long and 1*5 cms. in diameter with 
about 50 turns of copper wire wound round it. The energy was 
supplied by a 30 KV transformer taking 3 amps, at 100 volts 
in the primary, and having a small glass plate condenser and a 
spark gap in the secondary circuit. The tube was sealed on in 
front of the slit of a one-meter vacuum spectrograph of Sawyer 
type, provided with a grating having 14403 lines per inch ruled 
on speculum metal. A small fluorite plate was always fixed before 
the slit to stop the iodine vapour from going into the body of the 
spectrograph. Small desired quantities of iodine vapour could 
be put into the discharge tube by regulating a stop-cock attached 
to a side tube, leading to reservoir of iodine. The evacuation 
was carried out through another side tube connected to a quartz 
mercury diffusion pump backed by an oil pump. A liquid air 
trap was introduced between the pumping system and the dis¬ 
charge tube to absorb mercury vapour as also to prevent the 
iodine vapour from going to the pump and spoiling its working. 
As an extra precaution a tube containing calcium oxide was also 
inserted. The pressure in the discharge tube was always kept at 
a value below’05 mm. of mercury and was maintained by regula¬ 
ting the stop-cock leading to the pumps. When the discharge 
was passed and the pressure was regulated the whole tube was 
filled with a very strong pale bluish green glow and it was this 


* * Phya. Rev..’ Vol. 27, p. 897 (1926). 
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light which was photographed. The spectrum was obtained on 
plates prepared by the author according to Schumann’s directions 
and the lines extended from X 2400 to X 1250. Several spectro¬ 
grams were taken with varying exposures, and to bring out the 
weakest lines in one case a sixteen hour exposure was also given. 
Carbon lines appeared strongly as impurity. The dispersion was 
determined with the nitrogen standards given by Bowen and 
Ingram, 1 but for actual calculation of wave lengths the carbon 
line 1931*027 was taken as standard. It is believed that 
the error in measurement is less than *1A. 

Results. 

In all 143 lines were measured. Twenty (20) of them are the 
arc lines which have already been obtained by Turner. 2 The table 
of lines which follows contains all the lines measured by the 
author as well as those obtained by Turner in order to complete 
the observation in the fluorite region. 


x a. a.) 

(Kalia) 

Int. 

A (I. A.) 
Turner 

Infc. 

¥ 



1234*2 

3 

81024 



1259*4 

2 

79400 

12766 

00 

*1275*7 

2 

78390 



1277*4 

0 

78281 

1285-9 

0 

! 



77770 



*1286*3 

2 

77742 



1289*6 

1 

77641 



1291*4 

1 

77437 



1296*6 

0 

77127 



*1300*6 

2 

76888 


« • Phj* Rev..* Vol. 28, p. 444 (1926). 
* loc. ext . 
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A (I. A.) 
(Kalla) 

Int. 

a a. a.) 

Turner 

Int. 

V 



1303-2 

1 

76785 



13186 

0 

76124 



13141 

1 

76099 



1817-7 

3 

75893 

18251 

i 



75465 

13291 

1 


i 

76239 



1380-4 

2 

76167 



1336*7 

6 

74810 



1339*9 

0 

74631 



1340-9 

2 

74679 

i 


1343*7 

1 

74420 



13490 

1 

74128 



1350*3 

1 

74066 



1362-4 

00 

73942 

1364-3 

1 

1354*3 

00 

73841 



1366-5 

6 

73775 



1358 1 

3 

73631 



1361*2 

6 

73465 



1366*6 

0 

73173 



1367*7 

2 

78114 



1868 3 

3 

73084 



1382*3 

0 

72342 



1383*4 

3 

72286 



1390-9 

6 

71897 



1393*3 

2 

71769 



1396*0 

00 

71685 



1400*2 

3 

71421 

1403*7 

i 



71242 

1415*6 

4 



70644 
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A (I. A.) 

(Kalia) 

Int. 

A (I. A.) 

Turner. 

Int. 

V 



1421*6 

4 

70346 



1426*7 

8 

70143 



1439*7 

0 

69947 

1486*6 

i 



69607 



1446*6 

5 

69131 



1458*4 

4 

68806 



1457*6 

4 

68606 

1468*1 

3 

1468*2 

6 

68580 



14692 

6 

68528 



1466*0 

5 

68210 



1466*7 

00 

68179 

1482*2 

0 



67467 



1486*1 

1 

67289 

1486*6 

0 



67269 

1490*6 

4 



67093 

s ••• 

••• 

1493*2 

5 

66971 

1496‘8 

id 


... 

66854 

1606*2 

0 

...Ml 

... 

66436 

1607*4 

0 

1607*3 

3 

66340 

1611*6 

0 

•••«.. 

... 

66159 

1614*9 

2 

1514*8 

9 

66012 

1618*1 

2 

1518*3 

7 

66868 

1628*3 

0 



65649 


... 

1526*6 

4 

65605 

1681*6 

00 


... 

65294 

1632*6 

1 

1 



65252 

1636*4 

1 



66130 

1637*7 

0 


... 

66032 

1643*7 

Id 


... 

64779 

16466 

Id 

1546*9 

1 

64690 


24 
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A (I. A.) 

(Kalia) 

Int. 

a a. a.) 

Turner. 

Int. 

9 

1547*6 

Id 


• •• 

64616 

1550*5 

i 

i 


Ml 

64497 

1558*6 

i 


M* 

64866 

1665*5 

1 


• •• 

63877 

1567-7 

\ 


... 

63789 

1669-8 

2 


... 

63703 

1672*£ 

1 

. 

... 

63606 

1674-6 

0 j 



63510 

1677*7 

3 


... 

63383 

1679-0 

Od 


... 

63882 

1581*1 

3 


... 

63247 

1582*8 

2 

1582-8 

1 

63179 

1685*8 

1 


: 

63058 

1589*8 

1 


. 

62922 

1593*8 

3 

1693-8 

6 

62742 

1596*6 

2d 


• •• 

62638 

1697*9 

2d 


Mt 

62681 

1599*6 

2d 

. 

• •• 

62622 

1008*3 

4 



62176 

1613*7 

4 



61971 

1617*8 

4 

1617*9 

6 

61809 

1620*6 

Id 


... 

61707 

1023*7 

0 


... 

61687 

1626*0 

i 


... 

61503 

1628*4 

0 


... 

61410 

1630*9 

3 

. 

... 

61314 

1684*1 

i 

¥ 

•••••• 

... 

61197 

1686-8 

0 


Ml 

61094 

1689*0 

i 

1639*2 

1 

61008 

1641*1 

4 

1641*1 

7 

60984 
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x a. a.) 

(Kalis) 

Ini. 

x (I. A.) 

Turner. 

Int. 

r 

16424 

6 

1642*6 

7 

60886 

16488 

1 


... 

60649 

1653'S 

3 


... 

60464 

1656-0 

2 


... 

60424 

16706 

Id 


... 

69869 


... 

1676‘3 

1 

69690 

1678-6 

0 


... 

69673 

1682*8 

1 


... 

69424 

1690*6 

00 


... 

69160 

1696*9 

1 


• •• ! 

68966 

1702-8 

7 

1702*3 

8 

68746 

1706*9 

00 

•••••• 

... 

68620 

1713-3 

2d 


... 

68367 

1726-5 

1 


... 

67920 

1730*6 

7 


... 

67787 

1747*9 

00 


... 

67212 

1762*1 

i 


... 

67076 

1763*4 

2 


... 

67032 

1760*6 

* 


... 

66799 

1766*2 

1 


... 

66660 

1772*0 

1 


... 

66438 

1776*8 

id 


... 

66282 

1782*9 

9 

17829 

9 

66088 

1784*3 

6 


... 

66046 

1788*6 

id 


... 

66913 


... 

1789*6 

00 

66879 

1798*7 

2d 


... 

66762 

1799*2 

7 

1799*2 

7 

66680 

1807*8 

i 


••• • 

66831 

1811*9 

Id 


... 

65189 

i- 
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x (L A.) 

(Kalis) 

Infc. 

X (I. A.) 

Turner. 

Int. 

V 

1814*4 

i 



55114 

1830-6 

9 

1830*4 

10 

54681 

1844*6 

8 

1844*5 

9 

54216 

1850*8 

4 


... 

64046 

1868*1 

7 


• •• 

53675 

1868*9 

7 


|M 

63607 

1872*8 

8 


• •• 

53410 

1873*9 

7 


... 

58864 

1876*5 

7 

1876*4 

7 

58292 

1879*1 

Id 


... 

53218 

1882*1 

6 


••• . 

63134 

1894*9 

6 


... 

52872 

1896*9 

6 


... 

52719 

1905*8 

4 


... 

52471 

1911*8 

8 


... 

52-20 

1914*7 

7 


... 

52227 

1932*6 

4 


... 

61743 

1944*4 

2 


... 

61429 

1971*6 

7 


... 

50721 

1978*5 

5 


... 

50548 

1980*5 

8 


... 

50492 

1982*1 

i 


... 

50451 

2028*6 

5 


... 

49416 

2084*5 

5 


... 

49152 

2038*6 

0 


... 

49054 

2041*7 

2 


... 

40979 

2049*2 

6 


... 

48799 

2058*9 

4 


... 

48689 

2062*1 

10 

8062*1 

10 

48498 

2068*9 

l 
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The lines due to Turner, excepting those marked with an 
asterisk, are arc lines. The lines measured by the"present writer 
with the exception of those that are common with Turner’s arc 
lines are considered to be spark lines. 

The author is very thankful to Dr. P. K. Kichlu for his help 
and guidance in the course of this work. 
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Abstract. 

The paper gives an account of measurements on the relative 
intensities of the Rayleigh and the Raman lines in the scattering by some 
typical liquids, namely, C 6 H 6 , CC1 4 , SiCl 4 , CHOl 3 and CHBr 3 . 

1. Introduction. 

Considerable amount of theoretical work has recently been 
done by Manneback, 1 Placzek, 2 Bhagavantam 8 and others on 
the relative intensities of the Raman and Rayleigh lines in light 
scattering. The experimental data, however, on the subject are 
very meagre, and it is proposed in the present paper to give the 
results of an experimental investigation on the intensities of the 
different lines in the light scattering by some liquids. 

» * Zeit. f. Phys.\ Vol. 62, p. 224 (1930). 

• * Zeit. f. Phye.*. Vol. 70, p. 84 (1931). 

* ‘ lad. Jour. Phye ’, Vol. 6, p. 340 end p. 667 (1981). 
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2 . Experimental. 

The liquids were of Kahlbaum’s extra-pure variety^ further 
purified by repeated redistillation in vacuo in the usual double¬ 
bulbs. The liquids were contained in a Wood’s tube of about 
3‘5 cms. diameter and 20 cms. length. One end of the tube was 
fitted with a plane glass window and the other end was bent in 
the form of a horn in the usual manner in order to offer a dark 
background for observation. The tube was blackened except for 
a narrow portion along its length for letting in the incident light, 
and another rectangular portion in the plane glass window for 
the purpose of observation. With this arrangement, the stray 
light was practically eliminated. Light from a quartz mercury 
lamp was allowed to fall on the Wood’s tube from one side, and 
the scattered radiations coming through the plane window were 
focussed by means of a sphero-cylindrical lens on the slit of a 
Hilger E 2 spectrograph so as to give a magnification 1:1. A 
Hilger neutral-tint wedge of about 7 mms. length, placed 
in contact with the slit of the spectrograph with its direction of 
maximum gradient parallel to the length of the slit, served for 
the measurements of the relative intensities of the various lines 
appearing in the scattered spectrum. 

In order to be sure that the scattered light was falling 
uniformly over the whole area of the wedge, a preliminary short 
exposure was given without the wedge, and the photographic 
plate after development was examined. If the lines appearing in 
the spectrum, were found to be uniformly black along their length, 
the final exposure for the scattered radiations from the liquid, 
with the wedge inserted in Jits proper place, was started; 
otherwise, the optical parts were readjusted so as to secure 
uniformity of illumination tested in the manner described above. 

After careful adjustment, a blue circular patch of light due 
entirely to the scattered radiations from the liquid^ was obtained 
on the slit of the spectrograph, and it was quite sufficient to 



INTENSITIES OF THE RAMAN AND RAYLEIGH LINES 191 

cover the whole length of the wedge. The intervening portions 
between the window of the Wood’s tube and the slit were 
covered suitably with black paper so as to avoid all parasitic light. 
As the scattered radiations were very feeble, an exposure to the 
extent of about three days was necessary in some cases in order 
to get Raman lines of suitable intensity for the present measure¬ 
ments. 


3. Measurement of Intensities. 

To compare the relative intensities of the lines, the method 
of Merton and Nicholson 4 was used. The wedge was first 
calibrated for different wave-lengths and then the lines to be 
compared were photographed through the wedge. The relative 
intensities would then be determined by (a) the heights of the 
lines, (b) the wedge constant for particular wave-lengths in 
question, and (c) the magnification of the spectrograph. Now, 
if the limiting intensity that is just visible towards the feebler 
end of the lines be I„, and the lengths of the lines Y, and Y a , then 


I<=V° 


mi 


=I X 10 


K,Y t 

m, 


where K w K 2 denote the wedge constants per mm., and m x and 
m, the magnifications, for wave-lengths \ and X 2 respectively. 

Hence 



* ' Phil. Trans.', A. Vol. 217, p. 287 (1918). 
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The heights of the lines were measured with the help of a 
comparator of large magnification. The magnification of the 
spectrograph was obtained by using a known length of the slit 
and measuring the lengths of the lines photographed through it. 
As all the quantities on the right-hand side are known, the 
relative intensities can be calculated. 

It should be remarked here that the sensitivity of the 
photographic plate is not the same for all wave-lengths, and 
hence even for the small spectral region concerned, the sensitivity 
of the plate for different wave-length has to be determined. At 
first the spectrum of the liquid was taken, and then below it on 
the same plate, intensity marks for calibration were recorded with 
the standard tungsten-filament lamp by varying the width of the 
slit of the spectrograph already calibrated. 

The positions of the Raman lines of the liquid in question 
were then marked in the continuous spectra, and the region 
required in each continuous spectrum was microphotometered. 
From these microphotometric records, blackening-log intensity 
graphs were drawn for the wave-length of each Raman line and 
of the exciting line. The ratio of the intensities for two wave¬ 
lengths (one referring to the Raman line and the other to the 
exciting line) was then experimentally found by the method 
of parallel displacement. 8 From the calibration chart supplied 
along with the standard lamp, the colour temperature correspond¬ 
ing to the current used was read off. Then with the help of 
Wien’s law of radiation, the ratio of actual intensities for the 
two wave-lengths under consideration was computed. The latter 
computed ratio divided by the former experimental one deter¬ 
mines, therefore, the relative sensitivities of the plate for these 
two wave-lengths. The intensity-ratio as observed was then 
multiplied by this ratio in order to get the result quite in¬ 
dependent of the plate-sensitivity. 


* ‘ Physik. Zeits., ’ Vol. 26, p. 764 (1926). 
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4. Results. 

The results obtained are given in the following table:— 

Table I. 


Liquid 

used. 

Raman lines 

A*. 

, 

f- x 10 3 . 

Oarrelli and Went* 

{-*«io>. 

1 T 

Daure 7 

Ir 

r-xio 3 . 

It 

C«H« 

606 

35 

1*28 



849 

1*9 

0*93 



999 

9*5 

10*9 

5 


1176 

4*5 

2*4 

15 


1605 

3*8 

1*8 

2*5 


3060 


6*6 

7 

CC1 4 

217 

1*9 

18 

10 


313 

3*4 

22 

13 


459 

SO 

16 

6*0 


770 

1*2 

6 

7*5 


790) 




SiCl 4 

150 

1*8 




221 

10 




423 

4*1 

1 


OHCla 

262 

5*4 




367 





667 

2*4 




762 

1*7 



OHBrj 

154 

4*2 




222 

6*0 




538 

2*9 




654 

3*2 




Ib indioates the intensity of the Raman lines. 
It indioates the intensity of the Rayleigh lines. 
The 4868 Hg line was used for excitation* 


• ' Zeit. /. Pbya.,' Vol. 76, p. 886 (1889). 

• Ann, do phys.,' Vol. 19, p. 875 (1929)* 
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5. Discussion of Results. 

In the case of benzene and carbon tetrachloride, for which 
data are available from the earlier work of Carrelli and Daure, it 
will be seen that our present values agree, at any rate as regards 
the order of magnitude, with their values. 

We shall only remark here that the most intense line in the 
scattering by CC1 4 is not the 459 cm -1 line, which corresponds to 
the inactive symmetrical oscillations of the four chlorine atoms 
with respect to the central carbon, but the line 313 cm -1 . In 
the case of SiCl*, however, the most intense line is the inactive 
line corresponding to 423 cm -1 . The cause of the discrepancy 
for the former substance, namely CC1 4 , is not clear. As regards 
CHC1 S and CHBr s , again, there is a reversal of the order of 
intensities in the case of the first two lines (see Table I). 

The author expresses his grateful thanks to Sir C. Y. Raman, 
Kt., and Prof. K. S. Krishnan, D.Sc., for their keen interest in 
the work. 

210, Bowbazar Street, 

Calcutta. 
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ABSTRACT* 

To arrive at a clear conception of the behaviour of water in solutions 
of electrolytes the results of a more thorough and systematic investigation 
of the subject than has hitherto been attempted, are described in this 
paper. The results obtained may be briefly summed up as follows: 

(1) The water band obtained in the Raman spectra of solutions of 
electrolytes is sharper than for pure water. 

(2) While with aqueous solutions of nitric acid, sulphuric acid and 
sodium nitrate the band gets sharper with increasing concentration and 
shifts as a whole towards greater frequency, the portion of the intensity 
curve on the smaller frequency side becoming less convex, just the opposite 
results have been observed with solutions of hydrochloric acid in water. 

(3) Whereas there is a progressive shift towards larger frequency in 
the water band in solutions of electrolytes at the same concentration as we 
pass from lithium chloride to sodium nitrate and from hydrochloric to 
sulphuric and nitric acids, these differences tend to vanish when their 
water content is equalized. 

The probable cause of the results observed—hydration of the ions 
of the dissolved substance or change in the water equilibrium due to 
variations in the proportions of monohydrol, dihydrol and trihydrol—is 
discussed in detail and conclusions arrived at. 

(4) The cation appears to exert little influence on the behaviour of 
the solvent, as can be inferred from the similarity of results obtained 
with acids and salts. 

26 
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(5) The intensity curves for sodium nitrate are in general much 
sharper than those for nitric acid, even when the latter is taken at a muoh 
higher concentration. This result is explained as partly due to the forma¬ 
tion of more complex hydrates and partly due to the superposition of the 
NO,OH band at 3420 cm -1 over the band due to water in solutions of 
nitric acid. 


1. Introduction . 

For a proper understanding of the nature of solution it is 
necessary to have a clear conception of the behaviour as much 
of the solvent as of the solute, when one is in combination with 
the other. And, water being the most important and universal 
solvent, a detailed study of its nature and constitution in solutions 
of different characteristic groups of substances, c.g., strong 
electrolytes, weak electrolytes and non-electrolytes, will lead 
us a long way in arriving at some clear and definite ideas regard¬ 
ing the nature of solution and the characteristic function that 
the solvent plays therein. It is therefore proposed to deal in 
this communication with the author’s investigations on the 
subject with reference to the first characteristic group, viz., the 
strong electrolytes. 

There are several methods of attack of the problem. In 
general, any physical property of the system, e.g., its specific 
gravity, electrical conductivity, absorption spectrum or freezing- 
point determination of the binary system, solvent and solute, at 
different concentrations, will provide with information on the 
subject, and these were the methods employed by the earlier 
workers in the field. But in recent years the Raman effect has 
been applied with advantage to the investigation of the nature 
of solution on account of the simpler and at the same time 
more definite information that is provided hy a study of the 
Ramaii spectra of solutions. In fact, on account of the very 
simple relations that exist between the intensity of the Raman 
lines or bands and the numbers of molecules or ions that give 
rise to them, the possibility of arriving by this method at very 
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clear ideas on electrolytic dissociation, particularly in concentrated 
solutions has been demonstrated by Ramakrishna Rao and 
others ; 1 and now the author has applied the method to study 
the other aspect of the problem, namely, that concerning the 
behaviour of the solvent in solution. 

2. Earlier Work on the Raman Spectra of Solutions. 

Whereas, on the one hand, it is definitely established that 
electrolytes dissociate into their constituent ions in their aqueous 
solutions, there is, on the other hand, evidence to show that an 
entirely different process takes place with respect to the solvent. 
The water molecules generally combine with the dissociated ions 
of the solute to form, what are called, hydrates. Mendeleeff" 
was the first to give definite ideas as regards the formation of 
hydrates in solution. By plotting specific gravities of solutions 
of sulphuric acid and calcium chloride in water against their 
respective concentrations he found that the curves exhibited a 
number of maxima, which he interpreted as being due to the 
formation of hydrates. 

Jones and his collaborators’ 1 arrived at similar conclusions 
from their work on the freezing-point measurements with 
mixtures of acetic acid and sulphuric acid, acetic acid and water, 
and of acetic acid, water and sulphuric acid. They found that 
the total lowering of the freezing point of the mixture was less 
than the sum of the lowerings due to the individual constituents. 

* I. Ramakrishna Rao : (i) Proo. Roy. Acad., Amsterdam, Vol. 33, No. 6, p. 632(1930). 

„ ,, (if) Roy. Soc. Prcc. A, Vol. 127, p. 279 (1930). 

tl „ (Hi) Indian Journ. Phys., Vol. 8, p. 123 (1933). 

„ „ (so) Roy. Soc. Proc. A, Vol. 144, p. 169, (1934). 

L. A. Woodward : (i) Pbysikal. Zeits., Vol. 32, p. 212, (1931). 

„ (it) „ „ Vol. 32, p. 777 (1931). 

L. A. Woodward and R. Q. Horrer («'«) Roy. Soc. Proc. A., Vol. 144, p. 129 

{1984). 

L. Simmons : Soc. Scient. Fenn., Comm. Phys.—Math. VH. 9. (1933). 

* Bar. d. Ohem. Gessell., Vol. 1, p. 379 (1886). 

3 Publication 810 of the Carnegie Institution of W ashington (1915). 
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This was a phenomenon just opposite to that observed with 
electrolytes and must therefore be ascribed to an association of 
the molecules of the solvent with the ions of the solute thus 
reducing the number of independent molecules which lower the 
freezing-point. 

Later, during the course of their work on water and solutions 
by a study of their Raman spectra, it was found by the earlier 
workers that water, unlike other substances which give more or 
less sharp lines, gives rise to a broad and diffuse band extending 
over 750 cm -1 from about 3000 cm -1 to 3750 cm -1 , corresponding 
to the infra-red absorption at 2'97 /a and resolvable by an analysis 
of its intensity curves into three individual components with 
maxima of intensities at 3610 cm -1 (2'77 /u,), 3413 cm -1 (2‘93 ft) 
and 3195 cm -1 (3*13 /a ). 4 Notable changes are noticed 5 in the 
distribution of intensity in the band with change of temperature 
and with addition of electrolytes to water. Ramakrishna Rao* 
found that the changes observed in the intensity and relative 
position of the maxima in the band with change of temperature 
could be best explained on the hypothesis of the presence in water 
of three types of molecules corresponding to H a O, (H 2 0) 2 and 
(H 2 0) s , the relative proportions of which alter with change of 
temperature. He found that an increase of temperature results 
in the shift of the maximum of the band to the greater frequency 
side and is due to a diminution in the proportion of the triple 
molecules corresponding to the maximum at 3195 cm -1 and a 
proportionate increase in the number of the single molecules 
corresponding to the maximum at 3610 cm -1 . He also noted 
that the addition of the electrolyte, nitric acid, causes a shift in 
the position of the intensity maximum of the band towards the 
larger frequency side similar to the effect of a rise of temperature 
and interprets it as being due to a change in the proportion of 
the three types of molecules. He attributes the development of 


4 

5 


I. Ramakrishna Rao : Roy. Soc. Proo. A, Vol. 145, p. 489 (1984). 
i, Roy. Boo. Proc. A, Vol. 180, 489 (1981). 


loc. tit. 
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a second maximum in solutions of nitric acid in water at concen¬ 
trations higher than 16% to the formation of hydrates. A 
similar observation was recorded by Meyer 7 about the appearance 
of a second maximum on the short wave-length side in solutions 
of nitric acid at high concentrations, its intensity exceeding that 
of the original peak at 14 mols per litre. 

Ganesan and Venkateswaran 8 studied the Raman Spectrum 
of concentrated nitric acid in which they obtained two bands 
resolved from one another in the position of the usual broad 
and diffuse band observed with pure water. 

Gerlach 9 worked with water and solutions of dissolved salts 
and found that water gives rise to a double band ranging over 

O 

35 £5 A and that addition of nitrates shifts the short wave 
band to the violet, while the chlorides tend to blot it out. 

Pringsheim and Schlivitch 10 on the one hand, and Brunetti 
and Ollano 11 on the other, disagree with the observations of the 
earlier workers as regards the changes in the intensity of the 
water band with addition of salts. The former, in their work 
on water and lithium chloride solution, observe that the relative 
changes in intensity of the water band with change of temperature 
and with addition of salts noticed by others are spurious. But 
it has been demonstrated by the recent work of Ramakrishna 
Rao that the changes observed in the intensity distribution of 
the water band with rise of temperature are really genuine and 
are due to changes in the relative proportions of the single 
(HjO)j double (H a O) a and triple (H a O) s molecules which are 
supposed to exist in water. 

Hatley and Callihan 13 worked with solutions of KC1, NaOH 
and KOH in water at various concentrations and observed that 

» Phys. Zeit., Vol. 81, p. 699. (1980). 

* Ind. Jour. Phys., Vol. 4, p. 236 (1929). 

• Phyt. Zeits., Vol. 81, p. 696 (1980). 

M Zs. f&r Phys., Vol. 60,9-10, p. 581 (1930^. 

11 Aoood. Linoei, Atti., Vol. 12, p. 622 (1980). 

“ Phys. Roy., Yol. 88, p. 909 (1931). 
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in all cases the energy appears to shift towards the long wave¬ 
length side and that the top of the curve gets sharper with in¬ 
creasing concentration. 

Rafalowski 18 working with solutions of hydrochloric acid 
and nitric acid in water at various concentrations reported that 
the water band became less sharp with increasing concentration 
in the case of hydrochloric acid while with nitric acid it became 
sharper. 

Hulubei 14 claimed to have obtained, besides the double band 
at 3233-3443 cm -1 , ten other bands with wave-number shifts 
lying between 6747-10944 cm -1 from the original exciting line. 
These were found to disappear with addition of salts, which he 
interpreted as being connected with association in water. 

Silveira 15 obtained the Raman spectra of solutions of MgCl 2 , 
Mg(C10 8 ) 2 , Mg(N0 8 ) 2 , which gave lines with small frequency 
shifts, 1655 and 376 cm -1 , the former being attributed to the 
Mg ion complex with water and the latter to C10„ and NO„ ion 
complexes with water. In two later communications 18 his obser¬ 
vations with other solutions revealed a large number of lines with 
small frequency shifts. 

Embirikos 17 , in continuation of the work of Gerlach referred 
to above, worked with a number of univalent and divalent 
chlorides and nitrates and his results, are in agreement with 
those of Gerlach. Nitrates are, however, noticed to give rise 
to a second band, the distance between the two components 
increasing with concentration. The nature of the cation is found 
to exert no influence on the structure of the Raman band of 
water. The second band with ammonium nitrate solution, 
which he wrongly attributed to water, is really due to the NH. 
group, as has been shown in a previous communication. 18 

13 Acad. Polonaise Sci. et Lettres, Bull. 7-10 A, p. 623 (1931). 

14 Comptes Rendus, Vol. 194, p. 1474 (1932). 

i® Comptes Rendus, Vol. 194, p. 1836 (1932). 

13 Comptes Rendus, Vol* 195, p. 416 and p. 521 (1932). 

17 Phys. Zeits., vol, 33, p. 946 (1932). 

W Zs. fOr Phjsik., £ol< 88, p. 127 (1934). 
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Cabannes and Riols 19 found that the "water band was triple 
and that the addition of sodium nitrate causes shifts in the inten¬ 
sity of the band to higher frequencies and the disappearance of 
the component at 3625 cm -1 due to the H a O molecules. 

In spite of all this varied amount of work with reference 
to the behaviour of water in solutions of electrolytes, especially by 
a shift of its Raman band, there has been so far no attempt at 
a thorough and systematic investigation of the nature of the 
changes noticeable in the structure of the water band and to give 
a satisfactory interpretation thereof. 

The present work is, therefore, undertaken with the idea of 
systematically studying the behaviour and constitution of water 
in solutions of some of the typical electrolytes, both acids and 
salts, under conditions easily comparable, and to arrive at a 
satisfactory understanding of the cause of the variations observed 
in the structure of the Raman band of water—namely, whether 
the effect is due to the hydration of the ions of the solute by com¬ 
bination with the molecules of the solvent, water, or whether the 
effect is similar to that observed with change in temperature, 
viz., a mere change in the proportions of different types of 
molecules supposed to exist in water. 

3. Experimental Procedure. 

(a) Experimental arrangement : The experimental arrange¬ 
ment employed in these investigations is represented in Fig 1. It 
consists of the vertical Wood’s tube W. T. containing the liquid 
to be studied, close to which is placed the illuminating mercury 
lamp H, and the light scattered by the liquid along W. T. 
through the plane quartz window at the bottom of the tube is re¬ 
flected on to the slit of the spectrograph through the condensing 
lens L by means of a plane mirror M held at an inclination of 
45° to the vertical. The light from the mercury lamp is concen¬ 
trated on the Wood’s tube containing the liquid bj means of an 

W Comptes Rendus, Vol. 198, p. 80 (1934), 
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Fiq. 1. 



elliptical mirror M x made out of a polished sheet of aluminium and 
held on the side away from the tube. All extraneous light from 
the lamp is cut off by suitable screens. Further, the light 
from the lamp is filtered through a solution of cobalt chloride, 
which transmits the 3650X group and the 4047X line of the 
mercury arc, but effectively cuts off the 4358X group and the 
4916X line and its accompanying group of faint lines, so that the 
water bands excited by the former two have been obtained, that 
due to the 3650X group being usually the stronger. The filtering 
solution is contained in the interspace between the Wood’s tube 
and a wider pyrex glass jacket, J, concentric with it and 
held in position by rubber bands which close the tube water¬ 
tight at the bottom. On account of the small depth of the filter¬ 
ing liquid it has to be made somewhat concentrated. Although 
this arrangement requires rather long exposures, it permits of an 
easy removal and replacement of the observation tube (W. T.) 
without disturbing any other arrangement, another advantage 
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is that a small quantity of filter will suffice and it can be re-filled 
when necessary from the top during the course of an exposure 
without disturbing either the tube or the lamp. During the 
course of exposure the lamp and the tube are cooled by means of 
a table fan. 

Another arrangement, due to Wood, 20 has also been 
employed in some cases. In this, a cylindrical pyrex glass 
condenser containing the filtering solution is placed right above 
the horizontal Wood’s tube with the liquid under investigation. 
In cases where no filter is necessary it is filled with water 
and placed in position, and a Hewittic mercury lamp of the 
horizontal type is situated above the cylindrical condenser as 
close to it as possible. Two elliptical mirrors, one of them 
placed above the mercury lamp and the other placed below 
Wood’s tube, serve to reflect back the light from the arc on 
the condenser and the Wood’s tube respectively, so that 
maximum use is made of the light from the arc. This 
arrangement has been found to be very efficient in practice and 
permits of comparatively short exposures. 

(b) Continuous spectrum and colour filters: As it is the 
Baman band due to water that is the subject of study in these 
investigations, there is no difficulty as regards its proper assign¬ 
ment to its corresponding exciting line. Thus there is no 
necessity for using light filters for obtaining perfectly mono¬ 
chromatic light. But a constant source of trouble encountered 
during the work on the Baman spectra of solutions is the 
presence in the scattered light of a large amount of conti¬ 
nuous spectrum, which gets superposed on the water band, thus 
rendering difficult any accurate investigation of the distribution 
of intensity along the band. 

This continuous spectrum may be attributed to many causes. 
Firstly, it is due to the presence of a feeble continuous spectrum 
in the light from the mercury arc itself, its intensity increasing 

» Phyg. R«7., Vol. 87, p. 1022 (1981). 

27 . 
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with increasing temperature of the arc. Thus it can be reduced to 
a minimum by running the arc at a low temperature and hence 
at a low intensity and cooling it, at the same time, by means of 
a table fan. This, of course, necessarily involves long exposures. 
A second source of this continuous spectrum is the presence of 
fluorescent impurities in the substance under investiga¬ 
tion. This is eliminated by employing throughout Merck’s 
or Kahlbaum’s extra pure 'chemicals manufactured for 
analytical purposes and using pure grease-free distilled water 
for dissolving the chemicals. In some cases, exposure of 
the substance under study to ultraviolet radiation from the lamp 
produces photochemical reactions which result in the formation 
of foreign substances, which may produce a continuous 
spectrum ; but most of the substances studied in the present 
investigations do not undergo photochemical decomposition, 
and so one cause of the trouble does not arise. Yet another 
cause of this continuous spectrum, which seriously handicaps 
the work on solutions, is that in the case of a freshly prepared 
solution the fluctutions in its density and concentration are 
considerable and since the Rayleigh scattering is dependent 
on these fluctuations, a freshly prepared solution scatters the 
continuous spectrum present in the light from the mercury arc 
much more than does a solution kept for a sufficiently long 
time, so as to allow it to become perfectly homogeneous and 
its fluctuations to appreciably vanish. Hence, in all these 
experiments the solutions are allowed to lie over for some 
time before their Raman spectra are taken to ensure a perfectly 
homogeneous distribution of the molecules of the dissolved sub¬ 
stances in the solution. 

Notwithstanding all these precautions, a faint continuous 
spectrum still persists in most of the solutions. When it is 
appreciable, it becomes necessary to suppress it by the use 
of suitable filters. Generally it extends from 4000A° to 
5500A 0 , and its maximum lies between 4500A° and 5000A 0 , 
a region where the water band excited by the 4047, line is 
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situated. The best filter to eliminate this continuous back¬ 
ground is a solution of iodine in carbon tetrachloride, but, on 
account of its volatility, a solution of cobalt chloride is generally, 
employed in these investigations as it is found to be nearly as 
good and to be extremely stable towards the ultraviolet radiation 
from the arc. 

There is one advantage in the work on the Raman band 
of water owing to the fact that it has a very large frequency 
shift and as such the Raman lines due to the anions present 
in solution and excited by the same mercury line do not 
generally get superposed on the band, as they usually have 
small frequency shifts. But, in same cases, the Raman lines 
due to the anion, like the NO 3 and SO;' ions, excited by strong 
mercury arc lines other than the line used to excite the band 
get superposed on the water band and so it becomes imperative 
in such cases to eliminate such superposition by effectively 
cutting off such lines by means of suitable filters. 

(c) Choice of substances and exciting lines : All the previous 
work on the Raman band of water in solutions was qualitative, 
no systematic study being made of its changes with special 
reference either to the amount of solute or solvent contained 
in the solution. In an investigation of the changes in the 
structure of the water band under the influence of dissolved 
substances it is always desirable to take the different substances 
under the same moral concentration, so that the number of 
molecules of the solute in a definite volume of the solution 
remains the same in all cases. Then it is easier to interpret 
the mutual influence of the solute and the solvent in terms 
of the number of molecules and the results for different 
substances become readily comparable with one another. Further 
the second aspect of the problem, wherein a certain volume 
of the solution in each case contains the same water 
content, thereby making the same number of molecules of 
the solvent influence the solute in the different solutions, is 
also equally interesting and provides additional valuable 
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information on the subject. Both aspects of the problem, 
outlined above, have been investigated by the author and the 
results given below. 

Again, for observations on the influence of ions on the 
structure of the Raman water-band, it is necessary to work at as 
high a concentration as possible, e.g. of the order of about 12N, 
and comparatively few electrolytes dissolve to such a large 
extent. Further, the appearance of a large amount of con¬ 
tinuous spectrum at high concentrations in some cases renders 
the work with them rather difficult and uncertain, as has 
been found, for example, in the case of zinc chloride solution 
at 12N concentration. As pointed out before, this is much more 
so for the band excited by the 4047 X line of the mercury arc 
inasmuch as the maximum of the continuous background 
falls in the same region of the spectrum in which the band due 
to this line is formed. Also, most of the electrolytes 
absorb the ultraviolet thus restricting the work to only 
a few exciting lines in the visible region or in the near 
ultraviolet. 

Again, a difficulty in using the 4358 X line as the exciting 
line is that the band excited by this falls in a region in which 
most photographic plates are not sufficiently sensitive. Hence 
the only band which can be studied in most cases is that 
excited by the 3650-63 X group of lines, and this also happens 
to be more intense than that excited by the 4047 X line. Also 
the dispersion of the Fuess’s spectrograph which is about 16 A° 
per m.m. in this region, is larger in the region of this band thus 
enabling greater accuracy to be attained in the estimation of 
frequencies. But there is one drawback with regard to the 
use of this band : whereas the band excited by the 4047 X line 
is due to a single exciting line, that excited by the 3650-63 X 
group is due to a group of three lines, situated close together 
although of unequal intensity, so that in the latter case there 
is to some extent a partial superposition of the bands excited 
by the individual lines of the group. But from a comparative 
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study of the intensity curves of the water band excited by the 
4047 X line as well as by the 3650-63 X group in a number of 
cases, it has been found that the curves agree with one another 
to a close approximation if the value for the frequency 
of the exciting line in the case of the 3650-63 X group is 
taken to be 27340 cm -1 , a value very nearly the mean for the 
group. Although the band due to the 4047 X line is to be 
preferred on account of its inherent purity, originating as it 
does in a single exciting line, it had to be given up for the 
reasons mentioned above and the band excited by the 
3650-63 X group has been studied almost throughou these 
investigations. 

To make a study of the variations that take place in the 
structure of the water band with addition of other substances it 
is necessary to examine its intensity curves rather than the 
band itself, as the latter by itself cannot furnish much useful 
information. Therefore, the microphotometric curves of the 
band in each case are taken and by taking on each plate com¬ 
parison exposures with a calibrated Zeiss step-filter and a 
straight filament lamp fed under constant voltage, the density- 
log intensity curve is drawn for each plate in the particular 
position of the spectrum in which the band is formed, and 
from this the intensity curve for each band is calculated, density 
at different points along the band being given by its microphoto¬ 
metric curve. One difficulty experienced in obtaining fairly 
smooth microphotometric curves of the water band is that on 
account of the large grain of the plates used owing to their high 
speed—Ilford golden iso-zenith plates, H and D 1400, being 
invariably used throughout—the outline of the curve is always 
very coarse, and this necessarily involves large errors in esti¬ 
mating the actual shape of the curve. The curves were found 
to improve (1) by making the slit of the thermopile of an 
optimum width, neither too large nor too narrow, (2) by using 
a comparatively short deflection between the -zero line taken 
with no light falling on the slit of the thermopile and the blank 
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plate line taken with the light passing through the unexposed 
portion of the plate, and (3) finally by adjusting the spectrum 
slightly out of focus. 

Although it is very necessary that the spectrum should 
be adjusted in perfect focus for the measurement of intenstities of 
spectral lines, its adjustment a little out of focus in the 
present case, where it is a band and not a line that is studied, 
does not affect the results very much. This is more so, as it is 
only the relative distribution of the intensities along the band 
in the several cases that we are concerned with, and not the 
absolute values. Further to make the results obtained more 
reliable, all the plates with the different spectra are developed 
and fixed under identical conditions, as far as practicable, by 
using the same strength of the developer and always developing 
for the same interval of time at the same mean temperature, 
viz., 18°C. Also, the plate is developed sufficiently along (4*5 
minutes) to properly bring out the continuous back-ground of 
the spectrum without any appreciable fogging of the plate. 
The intensity values are always corrected for this continuous 
background. 


4. Results . 

To begin with, the results for each electrolyte are given. 
Fig. 2 represents the intensity curves for the water band 
excited by the 3650-63X group in the Raman spectra of 
solutions of nitric acid at four different concentrations, viz., 
4'04N, 5’86N, 8N and 12N. The curve for pure water 
is also given for comparison. The intensity at each 
point in the band is marked against the corresponding 
frequency shift. The band being very diffuse, it is not 
possible to measure wave-lengths by means of a micro¬ 
meter. Hence to determine the Raman frequencies corres¬ 
ponding to every point in the band, the dispersion curve for the 
region of the spectrum between 4017 X and 4358 X mercury lines 
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is drawn. The distance of each point on the microphotometric 
curve of the band from the 4078 \ line is measured and the 
corresponding wave-length at this point is determined from the 
above dispersion curve. From an examination of the intensity 
curves the following results are clear :— 

( i ) The water band in nitric acid solutions is invariably 
sharper than for pure water. 

From fig. 2 it follows that with increasing concentration of 
the acid, 

(ii) the band becomes sharper; 
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(Hi) there is a progressive shift in the maximum of the 
band as well as in the position of the band as whole towards 
larger frequency ; 

(iv) the curves become less and less convex on the side 
of smaller frequency. 

In fig. 3 are given the intensity curves for the water band 
in solutions of sulphuric acid at four different concentrations, 
viz., 6'28N, 8N, 9'11N and 12N. Results very similar to those 
observed in the case of nitric acid are found with increasing 
concentration of sulphuric acid also. 
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The intensity curves for hydrochloric acid at two different 
concentrations, 8N and 11*7N, are represented in fig. 4 along 
with that for water. While the band in solutions of hydrochloric 

Flo. 4. 



Av in cm” 1 

Baman water band excited by the 4047A lino. 

- HC111.7N 

-HOI 8N 

-HjO 

acid in water is sharper than for the pure solvent, the positions 
of the maxima almost coinciding, as contrasted with nitric and 
sulphuric acids, the results obtained with water solutions of 
hydrochloric acid with increasing concentration of the acid 
content are as follows : 

(i) the band gets broader; 

28 
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(ii) there is a relative shift in the maximum of the band as 
well as in the position of the band as a whole towards the 
smaller frequency side. 

Fig. 5 represents the intensity curves for the water band 
in solutions of sodium nitrate at two different concentrations, 
6*5N and 8N, together with the curve for pure water. While 
the curves for sodium nitrate are shifted to the side of greater 
fr equency [shift relative to that for water, in this case again the 


Fig. 5. 



same results are obtained with regard to the relative shift and 
shape and positions of the bands as are observed in the case of 
nitric and sulphuric acids under different concentrations. 
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Table I contains the positions of the maximum of the band 
at different concentrations of all the above electrolytes. 

Table I 


Substance. 

Concentration. 

Position of the maximum. 

1. H a O 

— 

3424 cm* 1 

2. HNO a 

4-04N 

3450 v , 

i 

5*86N 

3460 „ 

n 

8’0 N 

3474 

»» 

12-0 N 

3504 

8. H]SO| 

6-28N 

3433 

»• 

8-0 N 

3436 |i 

>> 

9-11N 

3440 „ 

If 

12*0 N 

3468 „ 

4. HC1 

8-0 N 

8435 ,| (4047A excit) 

ii 

11‘7 N 

8415 „ 

5. NftN0 3 

6*5 N 

3463 i, 

if 

8*0 N 

8480 „ 


Thus, while with increasing concentration of the electrolyte 
in water in the case of nitric acid, sulphuric acid and sodium 
nitrate there is a sharpening of the band and a progressive 
shift to the larger frequency side, just the contrary results of a 
broadening of the band with a relative shift to the smaller fre¬ 
quency side have been obtained with increasing concentration 
in the case of hydrochloric acid. Again, the appearance of 
convexity, though slight, observed in the shape of the intensity 
curves at higher dilutions in the case of sulphuric acid, nitric 
acid and sodium nitrate does not seem to be present in the case 
of hydrochloric acid. On the contrary, it even appears that 
there is a slightly greater concavity on the smaller frequency side 
at the smaller concentration in the case of hydrochloric acid. 
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Thus far a study has been made of the changes in the 
structre of the water band at different concentrations only of 
each electrolyte separately. To determine if there is any rela¬ 
tionship between the bands obtained with the same concentra¬ 
tion of different electrolytes, their Raman spectra are taken as 
far as possible under identical conditions of illumination from 
the mercury lamp, etc. The work is undertaken to examine the 
nature of the dependence of the constitution of water on the 
electrolyte dissolved in it. 

Fig. 6 gives the intensity curves for the three acids, nitric, 
sulphuric and hydrochloric, at the same concentration, viz., 12N, 
and for pure water. One very striking feature that is at once 

ho. 6 



A y in cm" 1 

Raman water band excited by the 8650A group. 

. HjO 

- HNO a 12N 

H*S0 4 if 

- HOI 
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noticeable in the curves is the relative shift in the positions of 
the maxima to the larger frequency side as we pass from hydro- 

Fig 7. 



Av in cm -1 

Raman water band excited by tbe 3660 a. group. 
- HC1 8N 



H18O4 „ 
HNOj tt 
HjO 


chloric acid to sulphuric and nitric acids, the shift in the case 
of nitric acid being the greatest. The same relative shift in 
the band as a whole is also very conspicuous from the intensity 
curves, the shift of the band gradually increasing from hydro¬ 
chloric to sulphuric and nitric acids, being a maximum for 
the last. 

Fig. 7 gives the intensity curves for the same three acids at 
another concentration, viz., 8N. The same’results noticed 
above with 12N concentration of the acids are observed in the 
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present case also, although to a less conspicnous degree. Also, 
at the smaller concentration the bands are in general less sharp 
(except in the case of hydrochloric acid where the opposite result 
has been observed) than at the higher concentration, a result 
one might naturally expect by reason of the increased proportion 
of water. 

Having investigated the water band for different electrolytes 
at the same concentration and each of them under difierent con¬ 
centrations, further work was found necessary in order to arrive 
at a more satisfactory conclusion as to the observed effect of the 
dissolved substances on the constitution of water, namely, 
whether it is due to an association of the molecules of water 
with the ions of the dissolved electrolyte in the form of water of 
hydration, or whether it is simply due to a change in the water 
equilibrium due to a change in the proportion of thg single, 
double and triple molecules, an effect similar to that observed 
with change of temperature. If the cause of the observed results 
is mainly the second, then it is to be expected, when the amount 
of water content in the different electrolytes-is equalized, that 
there would be a close similarity in the intensity curves of the 
water band in the different substances. This will also lead us 
to infer that the nature of the electrolyte has little to do with the 
observed phenomenon. Therefore, the above acids were next 
studied with the same water content, the same number of mole¬ 
cules of the solvent being influenced by those of the solute in 
each case. 

Fig. 8 represents the intensity curves for pure water, sul¬ 
phuric acid at 18*63 N concentration, and nitric acid at 12 N 
concentration, the last two containing the same water content. 
Hydrochloric acid could not be studied with this water content, 
as the highest concentration of the acid available, about 12 N, 
contains more water than nitric acid of 12 N concentration. 
The above curves are for the Raman water band excited by the 
4047k line, as, on account of the very high concentration of sul¬ 
phuric acid necessary in this case, some of the Raman lines due 

V 
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to the S0 4 ion and excited by the 4047 X. line got superposed 
over the band excited by the 3650-63X group and so this band 
could not be used. The shift between the curves for HjS0 4 and 
HNO 3 noticed before at the same concentration still remains con¬ 
siderable and the increased similarity between the curves observed 
with the same water content at smaller concentrations is not so 
obvious in the present case. 

In fig. 9 are given the intensity curves for pure water, and 
for nitric, sulphuric and hydrochloric acids, all of them with the 
same water content as 12 N concentration of hydrochloric acid. 
^Vhen the proportion of water content is equalised in the three 
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acids a remarkable change is noticed in the relative positions of 
their intensity curves. The relative shifts between the curves 
tend to vanish, the curves get closer to each other and they 
become more and more similar, except for some m inor differences 
which still persist. 

Fig.9. 



Av in cm’i 

Raman water band excited by 8650X group# 

. HjO 

- HOI 11.7N 

- H|S0 4 9.11N 

. .. HNOj 5.88N 

The same result is also noticed from the intensity curves 
given in fig. 10 for the same three acids and pure water, the 
former being taken with the same water content as 8 N solution 
of hydrochloric acid. 

Thus, while the three acids, when studied at the same con¬ 
centration, exhibit marked differences in the shape and position 
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of* the water band in their solutions, when studied with the same 
water content these differences tend to disappear and the inten¬ 
sity curves and hence the bands themselves become increasingly 
similar. 

Fig. 11 gives the intensity curves for pure water and the 
two salts, sodium nitrate and lithium chloride, both of them 
being of the same concentration, viz., 8N. Not many salts 
dissolve even to such high concentrations as 8 N and above, and 
of the few that do so, ammonium salts had to be rejected on 
account of the partial overlapping of the NH 4 - 'band* 1 at about 

» Z*. »r Phy«ik, VoL 68,1-9, p. 197 (1984). 
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PlQ. II. 
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3220 cm - ’ over that of water, thus rendering very difficult any 
correct estimation of the intensity distribution in the latter : and 
in the case of salts like zinc chloride and lithium nitrate the 
presenoe of the continuous spectrum, in spite of the filter, was 
so great that here again no correct estimation of the intensity dis¬ 
tribution in the band could be made. Hence, only these two 
salts, NaNO # and LiCl, have been studied. In the case of the 
salts also the same relative shifts are observed in the positions of 
the bands as in the case of hydrochloric and nitric acids 
in fig. 6. When the quantity of water content in the two salts 
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A* in cm -1 

Raman water band excited by the 3650-63A. group. 

- LiCl 8N 

-— NaN0 3 5.5N 

. H a O 

is equalized it is fouud, as can be seen from fig. 12 f that the 
curves tend to get closer and become more similar, although the 
effect does not seem to be so great as with the acids. 

Table 2 gives the positions of the maximum of the water band 
in acids and salts at the same concentration and same water 
content. 

Finally, in fig. 13 are given, for purposes of mutual compari¬ 
son, the intensity curves for water and for nitric acid and sodium 
nitrate at different concentrations. It is at once apparent that 
the curves for sodium nitrare are, in general, much sharper than 
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Table n. 


Position of maximum. 


Substance. 

at 12 N con- 

at 8N con- 

At the same water oonten 


oentration. 

centration. 

as 11*7N HC1 

as 8NHC1 (or LiOl) 

1. HjO 

2. HC1 

3. HNOj 

4. H,S0 4 

5. LiCl 

6. NaNo3 

8424 cm* 1 
8418 „ 
8604 „ 
3468 „ 

3424 cm -1 

3425 fl 

3474 M 

3436 „ 

3427 fl 

3480 „ 

j 

3424 cm -1 

3418 „ 

3460 „ 

3440 „ 

8424 cm -1 

8425 „ 

3460 „ 

3438 „ 

8427 „ 

8463 „ 
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Hamm water band excited by the 3650-63* group 
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- HN0 3 8 N 

. HNO 36 . 86 N 
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-___ TT*n 
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those for nitric acid. In fact, the curves for the 8N nitrate solu¬ 
tion, the maximum concentration under which it has been 
studied, are sharper than even the curve for nitric acid at a much 
higher concentration, namely 12 N. 

5. Summary of the Results. 

The following is a generalized summary of the results ob- 
tanied from a study of the intensity curves of the different electro¬ 
lytes under different conditions which permit of an easy compari¬ 
son of the results. 

(1) The water band in solutions of electrolytes is invariably 
sharper than for pure water. 

In the case of nitric and sulphuric acids and sodium 
nitrate, 

(2) the band gets sharper with increasing concentra¬ 
tion ; 

(3) there is a clear shift in position of the maximum as 
also of the band as a whole towards the side of greater frequency 
with increasing concentration. 

(4) there is the appearance of a certain amount of conca¬ 
vity, though slight, in the shape of the curve on the side of 
smaller frequency at higher concentrations. 

In the case of hydrochloric acid, however, 

(5) the band is sharper with 8N acid than at 11*7 N, 
although in both cases the band is sharper than for pure 
water; 

(6) there is a shift in the band towards the smaller fre¬ 
quency side as the concentration is increased; and 

(7) the shorter frequency side of the intensity curve appears 
to be less concave at the higher concentration. 

(8) In the case of acids, as well as salts, at the same 
concentration, there is a progressive relative shift in the posi¬ 
tions of the maximum of the band, as well as in the band as a 
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whole, towards the greater frequency side as we pass from 
lithium chloride to sodium nitrate and from hydrochloric to 
sulphuric and nitric acids, that in the case of nitric acid 
being the greatest. 

(9) With the same water content, both with acids and salts, 
the bands become more and more similar, the differences noticed 
in (8) tending to vanish. 

(10) The water band in solutions of sodium nitrate is much 
sharper than that for nitric acid, even when the latter is taken at 
a much higher concentration. 

6 . Discussion. 

These changes in the intensity distribution of the Raman 
band of water with addition of electrolytes are similar to those 
observed by Ramakrishna Rao 22 with change of temperature. 
To explain the latter phenomena, Ramakrishna Rao put forward 
the hypothesis that the three components in the water band 
corresponding to Raman frequencies equal to 3610, 3413 and 
3195 cm -1 are due respectively to the three types of molecules, 
namely (H 2 0), (H 2 0) 2 and (H 2 0) 8 , which are supposed to be 
present in water. The change with temperature in the intensity 
distribution of the band is attributed by him to changes in their 
relative proportions. 

On account of the close similarity between the two sets of 
phenomena, viz., changes in the structure of the water band 
with temperature on the one hand and with addition of electro¬ 
lytes on the other, the explanation of the latter appears, to a large 
extent, to be most probably the same as for the former. The 
predominance of the central component at about 3400 cm -1 in 
the water band in most electrolytic solutions and the general 
weakening of the other two components, compared to the band 
for pure water, shows that, on the above hypothesis, the double 


n Loc, cit. 
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(H 2 0) 2 molecules in water increase in proportion when an electro¬ 
lyte is added to it, the number of the other two types at the 
same time diminishing. 

This is at once clear from the greater sharpness of the 
curves for the solutions of dissolved electrolytes than that for 
pure water as well as from the slightly concave nature of their 
intensity curves, as compared with the curve for pure water 
which has a decidedly convex shape, particularly on the side of 
greater frequency shift: also the positions of the maxima in all 
the cases very nearly correspond to that of the double molecules 
in the water band. This indicates that the (H 2 0) 2 molecules 
persist in solutions of electrolytes while the H 2 0 and (H 2 0), 
type molecules are comparatively unstable, particularly at the 
higher concentrations of the electrolytes, and as such tend to 
gradually disappear, the triple molecules perhaps dissocia¬ 
ting and recombining amongst themselves or with the 
single molecules to form the simpler type, (H 2 0) 2 molecules. 
Thus the increased sharpness of the water band in solutions of 
electrolytes and the relative shift in the shape and position of 
the band to different degrees in the different cases to the side of 
greater frequency may be due to a change in the water equi¬ 
librium, consequent upon the partial dissociation and recombina¬ 
tion of the more complex (H 2 0) 3 molecules amongst themselves 
and with the single molecules to form the stabler type of (H 2 0) 2 
molecules. 

Bancroft and Clould in a recent paper, 23 made a similar 
suggestion as to the possibility of a more satisfactory explanation 
of the phenomena, so far ascribed to ionic hydration, on the 
basis of a displacement in the water equilibrium between the 
monohydrol, dihydrol and trihydrol. This explanation of the 
observed effect as due to a change in the proportion of the three 
types of water molecules appears, at least in part, to be the 
true interpretation when one considers the observed result of an 
increasing similarity and blending together of’ the intensity 


» Jour. Phys. Chem., Vol. 88, 2, p. 197 (1934). 
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curves when the water content is equalised in the numerous 
cases studied (refer figs. 8 to 12). This interpretation of the 
phenomenon is also supported by the conclusion arrived at by 
Bamakrishna Bao that the (H a 0) a molecules are decidedly more 
stable in the liquid state of water as is evidenced by their greater 
preponderance over the other two types in this state. Addition 
of etectrolytes seems to contribute to enhance the instability of 
the latter types. 

In addition to the possibility of the above effect, there may also 
be hydrates formed by the combination of the two unstable types, 
(H a 0) and (H a 0) 8 , with the ions of the electrolyte in solution. That 
such an effect takes place in aqueous solutions, as well as with 
some non-aqueous solvents, has been inferred from other methods 
in which some physical property or other of the binary system, 
water and solute, has been investigated. Thus, from a study of 
the freezing point curves of nitric acid and water the existence 
of at least two hydrates of nitric acid, the monohydrate 
HN0 8 ,H a 0 and the trihydrate HN0 8 ,3H a 0 has been established, 
while the possibility of the existence of other hydrates has been 
inferred. 24 Similarly for hydrochloric acid the presence of the 
three hydrates, HC1; 3H a 0, HC1, 2H a 0 and HC1, H a 0 with 
increasing concentration of HC1 has been pointed out; 25 and for 
sulphuric acid 2 * of a number of hydrates. H a S0 4 , 2H a 0 and 
H a S0 4 , H a 0 among others. 

Thus, in cases where the hydrates formed have either two 
or a multiple of two as the number of molecules of water of 
hydration, then the band due to this water of hydration falls 
more or less in the same position as that due to the double 
molecules and hence contributes to intensify the latter. As 
most of the intensity curves for the electrolytic solutions studied 

14 Mellor : Comprehensive Treatise on Inorganic and Theoretical Chemisty, Vol. Vm, 
p. 563. 

* ,. » , voi. n. 

p. 188. 

* .. .. .. Vol. X, 

p. 801 . 
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exhibit a sharpening of the band in the region where the 
component due to the (H a O) a molecules is found to be present, 
it may be that, in many of them, hydrates with an even number 
of associated molecules predominate. But in cases where 
hydrates with an odd number of molecules are present it may 
happen that the band due to the water of hydration shifts either 
to the side of greater or smaller frequency depending on the 
number of molecules of hydration, whether single or triple. Thus 
the appearance of a slight convexity noticed in the shape of the 
intensity curves on the smaller frequency side with increasing 
dilution in the case of nitric and sulphuric acids is perhaps due 
to the formation of complex hydrates, particularly those with 
three associated molecules of water, that is, H a S0 4 , 3H a O and 
HNOj, 3H a O. This is also supported by the observations of 
the earlier workers on the freezing point curves of the acid 
water mixtures referred to before. 

The effect may be also partly due to an increase in the 
proportion of triple molecules that results with increased water 
content in the solution. Again, the decreasing sharpness 
is observed in the shape of the band with increasing dilution in 
the case of sulphuric acid, nitric acid and nitrates, as indicated 
in their intensity curves, figs. 2, 3, 5 and the slight shift 
noticeable in the curves to the smaller frequency side as dilution 
of the acid increases appears to be also due to the same two 
causes. Both these effects, namely, the formation of complex 
hydrates (particularly those with three molecules of water 
of hydration) and the formation of an increased proportion of 
triple molecules at higher dilutions, tend to shift the resultant 
curve to the smaller frequency side, the region corresponding 
to the component of the triple molecules in the band for pure 
water. 

The anomalous results observed in the case of hydrochloric 
acid, viz., an increased broadening of the baud at the higher 
concentration of the acid, a slight shift in the band to the 
smaller frequency side at the larger concentration as compared 

30 
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withl that at the smaller concentration, do not seem 
to be easily explicable on the above hypotheses, as it is very 
improbable that more complex hydrates, which alone could 
shift the band to the short frequency side, could form at greater 
concentrations of the acid or with less quantity of water present. 
This problem is expected to be cleared by further work, which 
is in progress at present. 

The greater sharpness in the intensity curves of sodium 
nitrate as compared with those of nitric acid, fig. 13, even when 
the latter is taken at much higher concentrations seems to be 
partly due to the formation of more complex hydrates in nitric 
acid and partly due to the superposition of the narrow diffuse 
band at 3420 cm -1 due to NO a OH molecule, found by Kohl- 
rausch 27 to be present in pure nitric acid, over that due to water. 
The latter cause also appears to be the real explanation of the 
appearance of a second band observed by Ramakrishna Rao 28 
in nitric acid solutions at concentrations higher than 76%, and 
not the formation of hydrates as put forward by him. 

Passing on to the curves for the same concentration of the 
different electrolytes, figs. 6 and 7, the shift in the position of 
the band to the larger frequency side, as we pass from hydro¬ 
chloric to sulphuric and nitric acids indicates the gradual 
decrease in the proportion of triple molecules and at the same 
time a slight increase in the proportion of single molecules. 
These results are, to some extent, in conflict with the hypothesis 
of Bancroft and Gould, 29 who postulate, from their observations 
on the Hofmeister series of certain anions, that for equivalent 
concentrations the amount of monohydrol is less with nitrate 
ion than with chloride ion. If that were the case, the intensity 
curve for hydrochloric acid must be shifted more to the larger 
frequency side than that of nitric acid, indicating thereby a 

« Naturwiss., Vol. 19, p. 690 (1931). 

** Boy. Soc., Proc„ A, VoL 130, p. 489 (1931), 

** loc . cit f 
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greater preponderance of the single molecules or monohydrol in 
hydrochloric acid than in nitric acid, but actually the reverse 
is found to be the case. Again, their assumption in the same 
connection that the sulphate ion tends to convert trihydrol and 
monohydrol into dihydrol must lead one to expect that the 
water band in sulphuric acid would be narrower than in the 
other cases, thus indicating the comparatively low proportion 
of the single and triple molecules, but this again is found to be 
at variance with the experimental results obtained by the 
author. 

1 hus, the changes in the intensity distribution of the water 
band with addition of electrolytes may be not only due to 
changes in the relative proportions of the three types of molecules 
present in water, but may also arise out of formation of hydrates 
by combination of the ions with the water molecules. 

The striking similarity of the curves with solutions of the 
three acids when the amount of water they contain is equalized, 
figs. 9 and 10, leads one to the conclusion that the differences 
noticed in the curves for different electrolytes are only due to a 
difference in their water content, and when it is the same in all 
the cases the nature of the electrolyte has not much influence 
anyway on the constitution of water and in consequence on the 
structure of its band. This is quite an unexpected result. 

Thus the marked similarity between the several intensity 
curves taken with solutions having the same water content, leads 
one to expect that the effect of dissolved electrolytes is similar 
to that of a change of temperature of water, viz., a change in 
the water equilibrium due to variation in the proportions of the 
three types of water molecules. Otherwise the result is not 
easily explained unless one makes the highly improbable assump¬ 
tion that at the same water content the amount and nature of 
hydrates formed are identical for the several substances. 

Though the above curves are very similar, there are small 
but yet definite secondary differences between them which cannot 
be explained away as arising out of experimental errors, as they 
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are much’ more than the probable differences which may arise 
in the estimation of intensities. They therefore remain to be 
explained. These differences are to be attributed either to 
variations in the water equilibrium to different amounts for the 
different electrolytes or to formation of hydrates which may be 
different for the different electrolytes. That the latter cause 
explains the differences between the curves of sodium nitrate 
and lithium chloride (fig. 12), that still persist even when their 
water content is equalized, as also the greater sharpness of the 
band in sodium nitrate solution than in that of lithium chloride, 
can also be inferred from the fact that lithium salts are known to 
crystallize with a large amount of water of crystallization while 
sodium salts do not; and it is but natural that those salts, which 
crystallize with a larger amount of water, also associate with 
water molecules to a much greater extent in solution. With 
the results thus far available it is difficult to decide more 
definitely between the two alternatives set forth above as to the 
probable cause of the observed results. Both, however, seem 
to be equally probable and co-existent. 

Finally, the cation seems to exert little characteristic 
influence on the constitution of water as can be inferred from 
the similarity of results obtained with acids and salts. 

In conclusion, it is a pleasure to express my best thanks to 
Dr. I. Ramakrishna Rao for his very keen interest and helpful 
guidance throughout the progress of the work. 


Andhra University College of 
Science and Technology, Waltaib, 
18th Sept1934. 
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Abstract. 

The results of a study of the Kaman spectra of certain organic trisul¬ 
phides are discussed in relation to the structure of the molecules. 

1. Introduction. 

The Raman spectra of the organic mono- and di-sulphide 
derivatives have been studied by Venkateswaran, 1 and various 
interesting results have been deduced. For example from the 
spectra of the alkyl monosulphides, he has been able to calcu¬ 
late uniquely the frequency characteristic of the C-S bond 
(694 cms. -1 ). From the characteristic Raman frequencies of 
the simplest member of this series, viz., dimethyl sulphide, the 
present writer s has calculated the valency angle of the sulphur 
atom and also the energy of binding of the C-S linkage. From 
the results for the disulphides, which are naturally more difficult 
to interpret, Venkateswaran has calculated the S-S frequency 
to be about 509 cms. -1 The trisulphides have not been studied 
so far for their Raman effect. In view of the controversies 
regarding their molecular structure from the purely chemical 
point of view, it was hoped that a study of the Raman spectra 
of these compounds would throw light on the problem. The 
present paper gives an account of the measurements on the 
Raman spectra of these compounds and a discussion of the ex¬ 
perimental results in relation to their molecular structure. 

i • Ind. Jour. Phys.,’ Vol. 6, p. 61 (1981). 

* ‘ Ind. Jour. Phya.,' Vol. 9, p. 121 (1984). 
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2. Experimental. 


Both the trisulphides were obtained from the Palit 
Chemical Laboratories through the kindness of Sir P. C. Ray. 
A preliminary purification was effected by a fractionation under 
reduced pressure and the purified compound was sealed in the 
usual bulb and tube arrangement. This as usual was sealed 
off after evacuation, and the liquid to be experimented upon was 
distilled into the experimental tube. After the final purification 
about 4 c.c. were available and it had a strong yellow tint. The 
usual type of optical arrangement was used. The liquid showed 
strong absorption of the X4046 mercury line and only the R aman 
lines excited by the X4358 were recorded after long exposures. 

3. Results. 

Table I. 


I 

V 

Av 

I 

V 

Av 

Id 

22754 

F—184 

1 

21980 ' 

F—968 

Id 

22698 

F—240 

1 

21786 

F—1162 

Id 

22656 

F—282 

0 

21713 

F—1226 

2d 

22492 

F —446 

0 

21626 

F—1812 

8 

22449 

F—489 

3 

21508 

F—1486 

S 

22425 

F—613 

2d I 

19953 

F—2986 

fid 

22238 

F—700 

. 

2 

19894 

F—8044 


Av-184(ld), 240(1(1), 282(ld), 446t2d), 489(3) 613(3), 700(5d), 968(1), 1162(1), 1226(0), 1812(0), 
1486(3), 2985(2d), 8044(2). 


Table II. 


I 

V 

Av 

— 

I 

V 

A* 

3d 

22781 

F—167 

2 

21888 

F—1050 

8d 

22735 

F—208 

1 

21739 

F—1199 

1 

22567 

F—371 



D—2966 

2 

22499 

F—489 

1 

21672 

F—1266 

id 

22451 

F—487 

2 

21520 

F-1418 

2 

22294 

F—644 

2 

21482 

F—1466 

1 

22268 

F—670 

1 

21360 

F—1678 

2 

21968 

F—970 

0 

19968 

F—2970 


A*-- 157(8d), 208(3d), 871(1), 439(2), 487(4d), 644(2), 670(1), 970(2), 1060(2), 1199(1), 1266(1), 
1418(2), 1456(2), 1578(1), 2970(0). 
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The data are given in Tables I and II. The collected Baman 
frequencies for the two compounds are given in Table III along 
with those for the mono- and disulphides for comparison. The 
numbers appearing as subscripts in the table indicate the inten¬ 
sities in arbitrary units. 

Table III. 
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4. Discussion of Results. 

The simplest member, dimethyl trisulphide, gives about 
14 frequencies in all, some of which can be identified as being 
due to the methyl group present in the compound. In the same 
manner some of the frequencies in the higher homologue, diethyl 
trisulphide, can be attributed to the C 2 H 5 group and these are 
naturally more numerous than those due to the CH 8 group, 
owing to the greater complexity of the structure of the former. 
If we exclude these frequencies due to the CH 8 and C 2 H 5 group 
respectively, there are others, as will be seen from Table III, 
common to both the compounds and may be attributed to the 
S-S and C-S bonds of the molecule. 

Considering first the intense frequency at Av = 700cm.” 1 
present in dimethyl trisulphide it is to be associated with the 
presence of the C-S group in the compound. Its continued 
presence in more or less the same position in the methyl deri¬ 
vatives of the mono- and disulphides decidedly points to its origin 
from this group. In the case of the ethyl derivatives a signifi¬ 
cant difference is noted in the fact that in the place of this single 
strong line, two or more lines are observed. This effect of the 
influence of the complexity of the molecule on the multiplicity 
of some of the characteristic frequencies is well known. For 
example, the frequency at 509 cms. -1 present in dimethyl 
disulphide has been attributed to the S-S group. In diethyl 
disulphide this frequency appears double at A v = 508 cms.” 1 and 
Av= 526 cms.” 1 respectively. As will be seen from the table, 
the same frequencies appear also in dimethyl trisulphide corres¬ 
ponding to an intense line at 513. In diethyl trisulphide, 
however, there are no lines near about this region. This is 
surprising. This is the only particular in which these two 
derivatives show a difference^ whereas in all other respects the 
similarity between the two groups of frequencies is marked. 
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5. The Molecular Structure of the Poly sulphides. 

Most of the theories regarding the constitution of the poly¬ 
sulphides are based mainly on the following two considera¬ 
tions :— 

(а) The general behaviour of the polysulphides towards 
inorganic substances is in conformity with a structural formula 
of the type RjSS*, one of the S atoms in the compound behaving 
differently from the others. 

(б) On the other hand the reactions of the polysulphides with 
alkyl halides are more in accordance with a formula of the type 
R 2 SaS* t which differentiates two of the sulphur atoms from the 
rest. 

The simplest theory consistent with the above considerations 
is that put forward by Spring and Demarteau* among others, 
which considers the polysulphides to be merely solutions of sulphur 
in the corresponding monosulphide (in which case one of the 
sulphur atoms will be different from the rest) or in the corres¬ 
ponding disulphide (in which case two of the sulphur atoms will 
stand differentiated, and the formula will be of the type (6) viz., 
R*S,S„). They prefer, however, the latter alternative, i.e., solu¬ 
tion in the disulphide. 

This solution theory has been criticised on chemical grounds 
by Kiister and Heberlein. 4 If the polysulphides were mere solu¬ 
tions of suitable amounts of sulphur in the disulphide one should 
expect the various polysulphides to be hydrolysed in solution to 
nearly the same extent, which is not the case. 

Let us now consider the solution theory on the evidence 
of the Raman effect. There are some low Raman frequencies 
in the trisulphides which have nearly the same positions and 
relative intensities as the Raman frequencies of sulphur ; for 
example, the lines at &v— 433 and 470 cms. -1 present in sulphur 
appear at 446 and 489 cms. -1 in dimethyl trisulphide and at 439 

» • Bull. Boo. Chem.,’ 18], 1, p. 811. 

* * Zeit. anorg. Chem.,’ Vol. 48, p, 68 (1906). 

. .Vol. 44, p. 481 (1906). 
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and 487 cms. -1 in diethyl trisulphide. At first sight this observa¬ 
tion appears to lend support to the solution theory of the structure 
of the trisulphide. A more careful consideration however does 
not justify such a conclusion. Because according to this view 
the Raman spectrum of the trisulphide should be expected to be 
a superposition of the spectra of sulphur and of the mono- or the 
di-sulphide. Actually this is not the case; in the first place some 
of the strong frequencies present in sulphur for example, at 
84, 216, are absent in the trisulphides. Secondly even though 
corresponding to the frequencies of the trisulphide some nearly 
equal frequencies can be found, either in the spectrum of 
sulphur or of the disulphide, the difference between the frequen¬ 
cies so correlated are too great to be attributed to influence of 
solution. 

The trisulphide should therefore be treated as a definite com¬ 
pound, and not as mere solution of sulphur in the corresponding 
disulphide. 

Among the structural formulae suggested for the trisulphide, 
two deserve special mention :— 

(a) The one proposed by Thomas and Rule, 5 namely 
R—S = S 
R—S 

(&)’ That proposed by Mandel^eff 9 andBlanksma 7 by analogy 
with the structure of the long chain hydrocarbons 

R-S-S-S-R 

A preliminary objection may be raised against (a) since it makes 
all the sulphur atoms in the trisulphide different ; whereas (b) 


« ‘ J. 0. 8.,* Vol. Ill, p. 1063 (1917). 

• The Principle* of Chemistry, St. Petersburg, p. 617 (1908). 
7 4 Bee. Tray* Chim. Pays. Bas.,' Vol. 20, p. 146 (1900). 
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differentiates two of the sulphur atoms from the third as required 
by the considerations set forth in an earlier part of this section. 

The evidence of the Raman effect also is in favour of the 
latter formula, viz., (b). From the point of view of the Raman 
effect the essential difference between the formula (a) and (b) lies 
in the fact that while in (a) there is an S=S bond, in (b) both 
the bonds between the sulphur atoms are S—S. Since there is 
difference between the characteristic frequencies of the S=S and 
S-S bonds we are enabled from the Raman effect data to decide 
between the formulae (a) and (b). 

The frequency corresponding to S *■ S has been deduced from 
the absorption and fluorescence spectra of sulphur vapour to be 
equal to 725 cms. -1 , while, as we have already remarked in a 
previous section, the frequency of the S-S bond is equal to 509 
cms. -1 These values for S = S and S-S bonds can also be seen 
to be interconsistent, since their ratio 725 :509 is nearly equal 
to \/2, as we should expect to a first approximation. 

From an examination of the Raman frequencies given in 
Table III it will be seen that the 725 cms -1 frequency is absent from 
the spectrum of either of the trisulphides ; the nearest frequency 
that appears in the spectrum of methyl trisulphide is 700 cms. -1 , 
which is present also in the spectrum of dimethyl disulphide and 
is evidently due to the C-S bond ; while in the diethyl trisulphide 
the frequency nearest to 725 cms. -1 is only 670 cms. -1 , which 
again appears in diethyl sulphide. We can therefore conclude 
that there is no S=S bond in either of the trisulphides, and their 
formula cannot correspond to (a), and are presumably given by 
(b), viz., 'R-S-S-S-R. The Raman spectra of H 3 S 3 and H 8 Ss are 
also being studied with a view to determine their structure* and 
the results will be published in due course. 

Summary. 

The Raman spectra of dimethyl and diethyl trisulphides 
have been studied and the results are discussed with reference to 
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the constitution of these molecules. It is shown on the evidence 
of the Raman effect data that the theory which considers the 
polysulphides as mere solutions of sulphur in the corresponding 
disulphides is untenable. The formula R—S = S 

R—S 

proposed by Thomas and Rule also is not supported by the Raman 
effect data, since the characteristic S = S frequency at about 
725 cms -1 does not appear in the Raman spectra of the two 
trisulphides. The evidence is generally in favour of the MandelSeff 
Blanksma formula R-S-S-S-R analogue to that of the saturated 
hydrocarbons. 

The author’s best thanks are due to Prof. Dr. K. S. 
Krishnan for his keen interest and kind guidance in the work. 
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Abstract. 

The paper describes the preliminary results of an X-ray investigation 
of the crystals of anthranilic acid. The substance crystallises in two modifi¬ 
cations which differ in density. The dimensions of the unit cell have been 
found to be different in the two cases and while one belongs to the space 
group Qi 1 , the other belongs to QJj. The number of molecules per unit 
cell in each case is eight. 

Crystals of anthranilic acid were prepared by the slow 
evaporation of the solution of the substance in alcohol. Anthra¬ 
nilic acid crystallises in two types of crystals both of which 
belong to the rhombic bipyramidal class. These two types of 
crystals are obtained simultaneously from the same solution 
under identical conditions. Both these crystals were studied 
by the rotating crystal method using a Shearer tube fitted with 
copper anticathode. 


First Modification. 

The prominent faces developed are a (100), b (010), o (111), 
i (122). The axial ratio is 

a:b :c=0‘6877:1:0‘6161 (c/» Groth, Vol. IV, pp. 508)* 

32 
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The lengths of the three axes were found to be 

a = 16'16 A. ; 6 = 11-77 A; c = 7‘17 A. 

These give the ratio 

o:6:c = l-373oil'.0-609. 

This shows that the a axis is of twice the length found by 
the crystallographic methods. 

Oscillation photographs were taken about a and c axes at 
an interval of 15° and were worked out by the aid of Bernal’s 
chart. The list of planes observed is given in Tables I and II. 
The intensities of the planes were determined by eye estimation 
and the symbols used have the usual meaning. 


Table I. 


Axial planes. 

Prism planes 
(hoi). 

i 

Prism places 
(okl). 

Prism planes 
(hko). 

002 m. 

102 s. 

022 g. 

210 w. 

020 v.8. 

103 a. 

023 w. 

220 s. 

040 v.s. 

202 w. 

041 w. 

230 s. 

060 m.s. 

203 w.m. 

042 w. 

240 m.s. 

200 a. 

302 w.m. 

043 w. 

250 m.s. 

400 s. 

401 s. 

061 w. 

260 m. 

800 w.m. 

402 a. 


410 a. 


601 m.s. 


420 w.m. 


502 m. 


430 w.m. 


601 w. 


450 m. 


602 s. 


620 w.m. 




680 w.m. 


1 


640 w. 
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Table II. 
General Planes. 


Ill V.S. 

211 m. 

811 V.S. 

411 v.s. 

511 s. 

611 m. 

711 v.w. 

113 m.s. 

212 w.m. 

312 w.m. 

412 w.m. 

512 v.w. 

612 w.m. 

722 v-w. 

122 w. 

213 m.s. 

313 w.m. 

418 w. 

621 m. 

621 w. 


131 m.s. 

211 w.m. 

321 s. 

421 s. 

522 w. 

641 w. 


182 v.w. 

221 m. 

322 w. 

422 w. 

523 w. 

651 m.s. 


188 w.m. 

222 w.m. 

381 m. 

423 m. 

531 v.w. 



141 w.m. 

231 w. 

832 w. 

431 w.m. 

633 w. 



142 m. 

232 w.m. 

841 w. 

441 m. 

541 w.m. 



151 m.s. 

242 w. 

342 m. 

442 v.w. 

642 v.w. 



152 w.m. 

251 v.w. 

851 m. 

451 v.w. 

551 w. 



161 m. 



461 m. 




162 w. 








It will be seen from this list that the planes (okl) are halved 
when k is odd and the planes (hho) are halved when h is odd. 
These halvings correspond to the space group Q". The number of 
molecules.in the unit cell required by the space group is 8. The 
number of molecules in the unit cell, calculated from the dimen¬ 
sions of the cell and the specific gravity of the crystals, which was 
redetermined and found to be 1*355, is also nearly 8. This shows 
that the molecules of anthranilic acid in the crystal are asymmetric. 

Second Modification. 

The prominent faces developed in the crystal are b (010), 
a (100) and o (111) . The ratio of the axes is 

a:6:c=0-6066:1:0-8751 (Groth, loe. cit.). 

The lengths of the axes were found to be 

a=12*77A; 6 = 10-8 A; c=9*403A. 

and these give the axial ratio 

a:b :c = l"197:1:0‘8812.- 

Thus again in this case the length of the a axis is doubled. 
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Oscillation photographs taken about a and c axes at an 
interval of 15° indicated the planes given in Tables III and IV. 

Table III. 


Axial planes. 

Prism planes 
(hoi). 

Prism planes 

0okl ). 

Prism planes 
(hko). 

002 s. 

102 m.s 

012 m.s. 

110 8. 

004 s. 

104 w. 

014 m.s. 

130 w.m. 

020 s. 

202 s. 

022 s. 

140 v w. 

200 v.s. 

204 m. 

024 m.s. 

15C m.s. 

400 v.s. 

304 m. 

031 m.s. 

220 s. 


402 s. 

032 w.m. 

240 w. 



034 w. 

310 m.s. 



041 w. 

830 w. 



042 v.w. 

410 w. 



051 v.w. 

420 m.s. 



052 s. 

440 w.m. 


Table IV. 
General Planes. 


Ill v.s. 

211 v.s. 

311 v.s. 

411 s. 

611 w. 

612 m. 

118 B. 

212 s. 

312 m.s. 

412 m. 

612 w. 


121 8. 

218 w. 

813 s. 

413 m.s. 

632 m.B. 


122 s. 

221 s. 

821 m.s. 

414 w. 

683 w.m. 


128 w.m. 

222 w.m. 

823 m.s. 

421 m.s. 



124 m. 

228 m.s. 

832 w.m. 

422 m. 



181 s. 

281 w. 

888 m. 

423 m. 



188 m.s. 

288 m. 

384 v.w. 

482 m.s. 



184 v.w. 

241 m.s. 

841 v.w. 

488 w.m 



141 m. 

248 w. 


441 w.m. 



142 v.w. 

251 m. 





148 m.s. 

252 m.s. 





162 w. 
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In this case the planes (hoi) are halved when l is odd. 
This corresponds to the space group Qh. The number of mole¬ 
cules in the unit cell required by the space group is 8 and that 
found from the dimensions of the unit cell and the specific 
gravity of the crystals (redetermined and found to be 1’422) is 
also nearly 8. The molecules of this modification are, as well, 
asymmetric in the unit cell. 

It will be interesting to work out how a change in the 
crystalline nature of anthranilic acid is brought about by a 
change in the orientation of the molecules. But the difficulties 
involved are many and attempts are being made to find a way 
out of them. 

One of the authors (M.P.) desires to express his thanks to 
the University of Bombay for a grant which defrayed part of 
the expenses of this investigation. 


Chemical Laboratories, 

The Royal Institute of Science, 
Bombay. 
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Lines or Bands in the Spectrum of the Night Sky. 

By 

J. V. Karandikar, B.Sc. 

(Received for publication, October 21, 1934.) 

Plate IV. 

1. Introduction. 

In a previous paper 1 * K. R. Ramanathan described the 
general spectrum of the night sky as observed in India and 
pointed out that, besides the green auroral line 5577A originating 
from atomic oxygen, there are many other “lines” or bands 
which have also to be considered as characteristic of the spectrum 
of the night sky. As was first emphasised by Lord Rayleigh 8 
the spectrum is quite distinct from the spectrum of the polar 
aurora. 

During the dry season of the early part of 1933, 
Dr. Ramanathan and the present author obtained strongly 
exposed and better dispersed spectra of the light of the night sky 
which showed many more “ lines ” than the previous photo¬ 
graphs. A short note on this has already appeared in Nature. 3 
The present paper contains a list of these “ lines ” and a 
comparison of them with those obtained by Dufay 4 and by 
Cabannes and Dufay 5 in France and by Slipher 6 in America. 

1 * Ind. J.Phy.,' Vol. 7, p. 406 (1982). 

* * Proc. Roy. Boo.,’ A, Vol. 108, p. 46 (1928). 

3 ‘ Nature,’ Vol. 182, p. 749 (1938). 

4 4 Journal do Physique,* Ser .7, Vol. 4, p. 221 (1983). 

6 J. Cabannes and Dufay, 4 Compt. Bendua,* Vol. 198, p. 806 (1934). 

* 4 M.N.R.A.S.,* Vol. 93, p. 657 (1938). 
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2. Spectrographs used and Exposures. 

Two spectrographs were used both of which were constructed 
locally. One of them was the same as that used in the earlier 
work. The second spectrograph was also a single-prism 
instrument, but the camera lens had a longer focal length (4^") 
and a smaller aperture ratio F/2*9. Both the spectrographs were 
exposed towards the north sky at an angle of about 20° to the 
horizon during moonless hours of the night after the cessation 
and before the beginning of twilight. 

[With the first instrument a good plate was obtained with 
an exposure of 75 hours between the 12th and 29th April, 1933 
(Fig. lb). By means of a diaphragm in front of the slit an 
exposure of the zodiacal light was also made on the same plate, 
the duration of exposure being 25i hrs. (Fig. la). By an 
oversight in obtaining the latter spectrum, the spectrograph 
remained exposed for 5J hrs. towards the north sky also. 

With the second spectrograph a good plate was obtained 
between 17-3-33 and 1-5-33 with a total exposure of 181 hours. 
As in the previous work, Mimosa Extrema-ortho and Finogran 
plates were used. Fig. 2 shows this spectrum; the comparison 
spectrum of helium is superposed. 

3. Results. 

The following table (Table 1) gives the wave-lengths of the 
lines and their relative intensities (estimated). For comparison, 
the wave-lengths of the lines as listed by Dufay and Oabannes 
and Dufay are also given in the table. The wave-lengths given 
in Dufay’s paper were based on a large number of plates taken 
by him in 1931 and 1932. Those given in Oabannes’ and 
Dufay’s paper (Comptes Rendus) were obtained from a plate 
exposed at Pic du Midi in August, 1933. Slipher has also 
published some beautifully exposed spectra (M.N.R.A.S 93, 
657,1933) especially in the red and near infra-red—but a full 
list of the lines is not yet available. 
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PLATE IV 



Fig. 1. 

(a) Spectrum of the Zodiacal light (exposure 25£ hrs.). 

This had an additional exposure of hrs. towards night sky. 

(b) Spectrum of night sky (exposure 75 hrs.). 



Fig. 2. 

Night sky spectrum obtained with the larger spectrograph 
(exposure 181 hrs.). 

Comparison spectrum is that of helium. 
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Table 1. 


A ] Lines in the night-sky spectrum observed at Poona 
B J by K, B. Bamanath&n and J. V. Karandikar* 

A—Smaller dispersion spectrograph 
B-Larger „ „ 

C Lines in the night-sky spectrum observed in France by Dufay. 

D „ „ tt „ observed in France by Cabannes and Dufay. 


A 

B 

c 

D 

6890 

6733 

6913 

6746 

6315 

5892 


6677 

6446 

5577 

5662 

5577 




5316 

5162 



6123(1) 

4997(1) 


6162(1) 

6181(7) 

6092(1) 

6030(3) 

6003(2) 

4966(2) 

4934(3) 



4866 

4916(?) 

4904(3) 

4968(3) 

4827(6) 

4840(6) 

4837 

4838(4) 

4826(3) 

4808(3) 

4781(2) 

4676(7) 

438C(7) 

4708 

4679 

4767(1) 

4730(7) 

4726(0) 

4712(1) 

4700(7) 

4693(3) 

4669(4) 

4649(7) 



4615 

4632(7) 

4617(3) 



• 

4692(1) 

4676(6) 


4576 

4682(2) 

4678(0) 


33 
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A 

B 

C 

D 


4"58(8) 

4554 

4664(4) 

4686(8) 


4636(4) 



4612 

4619(2) 



4600 

4496(1) 



4478 

4480(7) 

4472(1) 


4443 

4447 

4449<3) 

44X9(9) 

4'27(9) 

4421 

4431(5) 

4419(4) 



4882 

4402(1) 

4386(2) 



4370(3) 

4857 

4360 

4361 

4360(7) 

4346(1) 

4337(1) 

4824 

4821(4) 

4330 

4328(3) 

4313(F) 




4301(0) 

4288(2) 

4279(2) 

4266 

4268(4) 

4270 

4269(2) 

4269(2) 



4287 

4236(0) 




4225(?) 


4216(2) 


4221(3) 

4214(0) 

4200(1) 



4199(1) 

4193(1) 


4179(8) 

4180 

4181(1) 


4166(9) 


4173(6) 

4160(2) 

4163(1) 

4144(2) 

4136(8) 

4129(8) 

4126(3) 


4122(2) 




4110(1) 

4086(6) 


4100 

4101(1) 

4091(2) 

4086(6) 

4064 

4082 

4073(4) 

4067(7) 

4061(0) 

4062(2) 

4062(6) 




4044 

4041(7) 

4038(1) 



4031 

4029(0) 

4002(4) 

4022(6) 

4026 . 

4022(2) 

4005(8) 


4014(1) 




4002(1) 

3996(1) 

3989(1) 
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A 

B 

c 

D 



3980 

8980(0) 

3974(?) 

3966(3) 

3954(?) 

394618) 

3951(2) 

3952 

3941 

8916 

3960(2) 

3935(0) 

3924(?) 


3910(4) 

8918(1) 

3916(3) 

3904(?) 


8864(1) 

3871 

i 

3903(1) 

3844 

3844 


3891(0) 

3777 



3732 





It will be seen from the above table and the photographs given 
by Dufay that, keeping in mind the necessarily small dispersion, 
the spectra obtained by the French investigators are practically 
identical with those obtained in India both as regards the 
position of the lines and their relative intensities. Cabannes 
and Dufay used an extraordinarily powerful spectrograph with a 
corrected objective of focal length 8 cm. and aperture ratio F/0‘7. 
The length of the spectrum between 3900 and 5200 A was 5'71 
mm. As this spectrum which revealed 44 new lines was 
obtained by Cabannes and Dufay during the course of a single 
night, the sky on that night should have been exceptionally bright. 
The relative intensities of the usual lines do not appear to differ 
much from the normal. 


4. Identification of the Night-Sky Radiations. 

The green line 5577 A being the most prominent charac¬ 
teristic of the night-sky spectrum, and being present at all times, 
the attention of investigators was naturally directed first towards 
its identification. The line was traced to its source by the 
searching investigations of Mc-lennan and Shrum (Proc. Roy. Soc. 
A, 120, 327,1928) who showed that the line was due to atomic 
oxygen. Except the 5577 line and the two lines in the red 6300 
A and 6360 A discovered by Slipher, all of which are ascribed to 
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atomic oxygen corresponding to the transitions from the 
metastable state ‘So — ! D 2 , - 8 P 2 and ‘D 2 and 8 Pi respectively, 

the other lines or bands in the night-sky spectrum have not been 
definitely identified. Positive and negative bands of nitrogen, 
atomic lines of N, 0, Ar and He have been suggested but with 
the poorly dispersed spectra that are so far available and the 
richness in lines of the spectra of the possible sources a confident 
and conclusive identification has not been possible so far. 
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Continued Fractions Associated with 
Ellipsoidal Wave-Functions. 

By 

S. L. Malurkar, Poona. 

(.Received for publication, October 23,1934.) 

In a previous memoir 1 the fundamental equation for an 
ellipsoidal wave-function in the Jacobean elliptic form has been 
derived as 

d 2 \3/d$ 2 + (a o -a l k 2 8n 2 ^-nH 4 8n*$)V=0 ... ... ... (1) 

where U(£) is of form 

(sn£) ,r '(cn£)' ri (dn$) ,ra \l/(8n a £) 

ifi being an integral function of sn£ and Oj and a 0 are character¬ 
istic constants. 

By the transformation sn£ = v the above equation reduces 
to 

(1 - r 9 )(l—ft 2 v 2 )d 2 U/(it; 2 - t>(l + k* - 2k*v 2 )dU jdv 

+ (a 0 —a l k a v* — n 2 Jc 4 v* )U=0 ... (2). 

We may use either of these equations for the purposes of 
this paper. The values of o- throughout this paper are 0 
or 1. 


1 See ‘Ind. Journal of Physics/ Vol. IX, p. 45 el seq. t 1934. 


34 
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I. Let us assume that 

U(£) = SA„ (sn£)2v + <r ; 

then 

(2v + 2 + <r)(2v +1 + <r)A v + j — {(1 + & 9 )(2v + <r) 9 — a 0 }A„ 

+ {(2v-2 + <r)(2v-l + a)-a 1 }fc 8 A y _ 1 -n2fc4A„_ 2 = 0 ... (3) 

(4 + o -)(3 + o-)A 2 -{(l + fc 9 )(2 + <r)3-a 0 }A l +{<r(l+o-)-0 1 >fc 2 A 0 =0 ... (4) 

(2 + <r)(l + <r)A j —{(1 + fc 2 )o- 9 + a 0 }A 0 =0 ... ... ... (5) 

If we put 

=A„ + i/Av 

then 

(2v + 2 + <r)( 2v + l + a-)B v — {(1 + fe 2 )(2v + <r) 2 - Ag} - 

+ {(2v-2 + o-)(2v-l + <r)-a 1 }fe2 /B>) _ 1 _ fl 2 fe 4 /By _ lBy _ 2= o ... (6) 

It is seen that the value of B„ tends for large values of v 
either to unity or zero. As U(£) is an integral function of sn£ 
the value of B„ must necessarily be zero ultimately. 

The value of B„ can be put in the form of a continued 
fraction of Fiirstenau’s type. 

B„ =n 2 Zc 4 / [{(2v + 2 + <r)(2v + 3 + «r) - aj/c 2 

— {(1 + 7c 9 )(2v + 4 + tr) 3 a 0 }B v + (2v + 6 + <r)(2v + 6 + v)B v+l B„ + 2 ]... (7) 

The values of B 0 and Bj obtained in the form of continued 
fractions have to be equal to their values given by the 
equations 

(cr + 4)(tr + 3)B j — -f(l + fe 2 )( 2 + cr) 9 — Oq}-+ fer (<r + — }fc 2 /B(j = 0 

(<r + 2)(o- + 1)B 0 = (1 + fcV 2 -a 0 

Just as in the problems dealt by Kelvin, Darwin and 
Goldstein, it is necessary to point out that the coefficients A can 
be determined with the relations 3, 4 and 5 only if we know the 
value of a 0 and a x exactly and we make no approximation at any 
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stage. 8 Otherwise the value of B„ will inevitably tend to unity 
instead of zero. Similar remarks will apply to functions of 
other species also. 

II. Let 

U(£)=SA„ ( 8 n£)2, + < r.cn£ ; 

then 

(2v + 2 + cr)(2v+ 1 + f)A v + j — {(2v + 1 + <r) 2 + (2v + cr) 2 7c 2 — a 0 }’Ay 

+ {(2v —1 +<r)(2v + (r) —a 1 }fe 2 .A v _j—n 2 fe 4 A v _ 2 *=0 ... (8) 

(4 + o-)(8 + (r)A 2 — {{3+0") 2 + (2 + cr) 2 7c 2 —a 0 }A 1 

+ {(1 +<r)(2 +<r) — a,}fc 2 . A 0 =0 ... ... (9) 

and (1 + o-)(2 + cr)A 1 {(l + cr) 2 + cr 2 7c 2 -a 0 }A 0 =0 ... ...(10) 

putting B v =A V + 1 /A y we get 

B„ = w 2 7c 4 / [{(2v + cr + 3)(2v + 4 + cr) —a 1 }k 2 — {(2v + 5 + a) 2 + (2v + 4 + o-) 2 7c 2 
-a 0 }B, + i + (2v + 6 + o-)(2v + 5 + o-)B v + iB^ + a ] ... (11) 

III. If 

U(£)=SA„ (8n£)2' / + <r.dn£ ; 

then 

(2v + 2 + cr)(2v+l + <r)A y + i —{(2v + l + <r) 2 7c 2 + (2v + cr) 2 —a 0 }‘A K 

+ {(2v + cr)(2v —l + o-)—Oi}7c 2 .A,,_i—n 2 7c' 4 Ay_2 = 0 ... (12) 

(4+cr)(3 + <r) A a — {(3 + <r) 2 7c 2 + (2v + o - ) 2 —Oo}Aj 

+ {(2 + o-)(l + cr)-d 1 }7c 2 A 0 =0 ... (13) 

and (2 + <r)(l + <r)Ai — {(l + cr) 2 fc 2 +<r 2 —a 0 }A 0 =0 ... (14) 

If 

By _ Ay + 1 /Ay ; 

* See the references in Lamb’s Hydrodynamics, pp. 335, sixth edition, 1932. See 
also Goldstein on Mathiea Functions. Trans, of the Cambridge Phil. Soc., Vol. XXXIII, 
No. XI, pp. 808-86,1937. 
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then 

B„ *=n*fc 4 /[{(2v+4+<r)(2v + 3 + cr)—fli}fc 9 —{(2v+6 + <r) 9 fc 5 + (2v + 4 + «r)* 
“ a o}B K +i + (2v + 6 + <r)(2v + 5 + <r)B y+ iB v + 2]. ... (16) 

IV. If 

2 V + <T 

XJ{£) = '%A„ ($n£) -cn£.dn£ ; 

then 

(2v + 2 + <r)(2v +1 + <r)A„ +1 — {(2v +1 + o-) 2 (l + ft 2 ) —a 0 }A„ 

+ {(2v + o-)(2v + l + <r)—aj}fe 2 A y _j —n 2 fe 4 A u _ 2=0 ... (16) 

(4 + o-)(2 + tr)A 2 — {(3 + <r) 2 (l + fc 8 )—a 0 }Ai 

+ {(2 + <r)(l + <r)—aj}fc 2 A 0 =0 ... (17) 

and (2 + o-)(l + o-)Aj — {(l + cr) 2 (l + ft 2 )—a 0 }A 0 = 0 ... (18) 

ifB„ =A y+1 /A„ then it is equal to 
» 2 fc 4 / [{(2v+6 + <r)(2v + 4 + tr) — o^ft 9 — {(2v + 6 + <r) 9 (l + ft 2 ) — a 0 }Bv +1 

+ (2v + 6 + <r)(2v + 5 + <r)B y+ jB v + ... (19) 

All the possible species and types of characteristic functions 
are included in the above as in each instance a- could be either 


one or zero. 
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Investigations on the Rectification of 
Alternating Current by Crystals. 

By 

S. B. Khastgir, D.Sc. (Edin.) 

AND 

Anil Kumar Das Gupta, M.Sc., 

Dacca University. 

(Received for publication, November 12, 1934.) 

Introduction. 

Various theories have been put forward to explain the action 
of the crystal detectors. Eccles 1 gave a complete theory based 
on thermo-electric action at the contact point of the crystal. The 
passage of current across the high resistance junction of the 
metal and the crystal causes heat to be produced and the local 
heating leads to the generation of thermo-electric force 
which involves both the contact electromotive force (Peltier 
E.M.F.) at the junction and the Thompson effect in the metal 
and the crystal. Briefly speaking, this thermo-electric force 
occurs during both the positive and the negative half of the 
applied voltage producing the current, during one of which it 
assists and during the other opposes, giving thereby a rectified 
current. 


1 * Proo. Phyg. Soo.,’ Vol. 35 (1915). 
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Dowsett 2 mentioned two other causes, besides the thermo¬ 
electric cause for the phenomena of rectification in crystals, viz., 
(1) the electro-chemical nature of the elements comprising 
the crystal and (2) the crystal structure. 

James 3 suggested an electrolytic theory. Schleede and 
Buggisch 4 maintained a theory based on arrangements of parts 
approximating a point and a plane. 

It was Schottky 5 6 who first put forward an electronic theory 
of rectification. The existence of a work function at the 
boundary of a material makes it possible, if the work 
functions are different at the boundaries of the two materials 
in contact, to show that there should be a difference 
in the conductance across the boundary in the two opposite 
directions. According to Schottky, the rectified current is a 
purely electronic flow which takes place between two electrodes 
separated by a dielectric interlayer. 

Pelabon 8 in a similar way worked out a formula for the 
rectified current which seemed to agree with his experimental 
results. Similar theories have been worked out by Frenkel and 
Joffe 7 and Van Geel. 8 

Ogawa’s 9 theory is based on the cold electron emission. 
The rectification according to Ogawa is brought about by the 
difference of the electron emissions from the two electrodes form¬ 
ing the contact. The crystal, in effect, is a cold vacuum tube 
operating as a detector by the difference in the electronic 
emissions. 


2 * Wireless Telephony A Broadcasting,’ Vol. 2, pp. 14-44. 

3 1 Phil. Mag., Vol. 49, pp. 681-695 (1926). 

* Phys. Zeits,’ Vol. 28, pp. 174-179 (1927). 

6 ‘ Zeits. f. Physik,’ Vol. 14, pp. 63-106 (1923). 

6 1 Comptes Rendus,’ Feb. 25, pp. 620-622 (1929). 

» ‘ Phys. Rev.,’ Vol. 39, pp. 630-631 (1932). 

» ' Zeits. f. Pbysik,’ Vol. 69, pp. 765-786 (1981). 

» ‘ Phil. Mag.,’ Vol. 6, pp. 176-178 (1928). 
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F. Reglar 10 suggested that the rectification phenomenon 
could be traced to the piezo-electric effect. 

R. de L. Kronig 11 showed in a general way that the crystal 
rectification could be due to asymmetrical binding of the ions 
into positions of equilibrium by restoring forces, not symmetrical 
for equal and opposite displacements. 

Scope of the present investigation. 

The object of the present investigation has been to experi¬ 
mentally study and collect facts about crystal rectification in view 
of the existing theories of rectification. 

Our experiments have revealed two different kinds of recti¬ 
fication. One is always associated with point contacts and this 
we have called the “point”—rectification. The other kind— 
the volume rectification—has been found to be independent of 
any point effect. This has been attributed to the asymmetry 
in crystal structure. In crystals which have no centres of 
symmetry such as carborundum (SiC), zincite (ZnO) and silicon, 
a very marked asymmetry in current conductivity has been 
observed which is quite independent of any point action, whereas 
symmetrical crystals like galena, iron pyrites, molybdenite, etc., 
have shown no trace of such asymmetric conductance when 
tested with L. F. alternating current. 

Although more crucial tests have to be made before this 
asymmetric conductance is established beyond doubt, these ex¬ 
periments have strongly suggested its existence in crystals having 
no centres of symmetry. We have accordingly classified the 
crystal detectors into two groups : CO crystals having centres of 
symmetry and (2) crystals having no such symmetry. 

It should be mentioned here that Tissot 12 showed that with 
a certain group of crystals, even relatively large polished plates 

10 • Phys. Zeits..’ Vol 29, pp. 429.436 (1928). 

u ‘ Nature,’ March 2,1929. 

« ‘ L’Electrician,’ Vol. 39, p. 331 (1910). 
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between two metallic electrodes made very sensitive detectors. 
G. W. Pierce 18 also concluded that carborundumj anatase and 
brookite are better conductors in one direction than in the 
opposite. 

According to our classification, there exists only the “ point ” 
rectification in the symmetrical crystals and in the crystals 
having no centres of symmetry there is, in addition, volume 
rectification due to the asymmetric conductance which is generally 
very pronounced in comparison with the “point” rectification. 

Seven symmetrical natural crystals have been studied viz., 
iron pyrites (FeS 2 ), galena (PbS), magnetite (Fe 8 0 4 ), molybde¬ 
nite (MoS 2 ), pyrolusite (Mn0 2 ) cassiterite (Sn0 3 ) and bornite 
(Cu 2 S. CuS. FeS). 

The experiments conducted with these crystals are grouped 
as follows : 

I. Study of the asymmetric conductance or volume 
rectification in carborundum, zincite and silicon. 

II. Study of rectification with different crystals having 
the same metal contact. 

III. Study of rectification with crystals in contact with 
pointed crystals of the same composition. 

IV. Study of the effect of heating the contact point on the 
rectifying action. 

V. Study of the effect of heat, ultra-violet light and 
X-rays on the rectifying action. 

I. Asymmetric Conductance or Volume Rectification in 
Carborundum, Zincite and Silicon. 

A narrow glass tube has been made narrower at one end and 
the crystal under examination, after having been thoroughly cleaned 
is fixed at that end by sealing wax so that one-half of the crystal 


13 1 Electrician,' 69, 66,1912, vide Zenneck's 4 Wireless Telegraphy,' p- 282. 
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projects out. The tube is then filled with clean mercury. The 
tube with its contents is then fixed inside a wider glass tube 
containing mercury so that the projecting part of the crystal is 
under mercury. Leads are then taken from the mercury in both 
the tubes. [See Fig. 1(a).] Another way of mounting the 
crystal has also been tried. Two pointed brass teeth have been 
soldered each to the middle of each edge of a metal paper-clip 
as shown in Fig. 1 (6). One end of the crystal under examina¬ 
tion is held tightly between the pointed ends of the two teeth. 




The other end is also held in a similar way by another similar 
clip attached with two similar brass teeth. 

Carborundum, zincite and silicon crystals mounted in both 
ways have revealed marked asymmetry in the current-voltage 
curves. The curves for carborundum and zincite are shown in 
Fig. 2. The calculated resistances in arbitrary units in the two 
opposite directions for different voltages are also shown in the 
figures. The rectification ratio which is taken as the ratio of 
the difference of the two currents in the two opposite directions 
to the larger current has been calculated for each voltage. The 
calculated values of the rectification ratio for different voltages 
are also illustrated. The experimental results are given in 
Table I. 


35 
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r*V curves -tHat resistance •*-»+- RE.cn picRrion Ratio. 

curves. curves* 


Fig. 2. 

These results have been corroborated by directly passing 
a low-frequency alternating current through the crystal so 
mounted. It should be mentioned that when tested with low- 
frequency A. 0., the symmetrical crystals have shown no such 
asymmetry. Copper pyrites (in the form of a lump of irregular 
shape) which is a crystal having no centre of symmetry, has not 
also shown any asymmetry.* 


* 'The rectification effect with copper-pyrites and a silver point is also extremely small. 
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Table I. 


Voltage 

(volts) 

ii i, 

(Galv. scale divisions.) 

Bi 

1 

Rj 

Rectification 

Ratio. 

1 

Carborundum 
(good crystal). 






2 

| ‘05 

1‘5 

40 

133 

‘7 

4 

22 

7 

18 

67 

•68 

6 

48 

17 

12‘5 

35 

*65 

8 

186 

34 

9’3 

24 

•6 

10 

151 

64 

6*7 

10 

•67 

Zincite. 






2 

8 

1‘5 

25 

133 

■81 

4 

22 

3 

18 

133 

•86 

6 

37 

7 

16 

86 

•81 

8 

56 

17 

14 

47 

•7 

10 

85 

40 

12 

25 

•53 

12 

136 

81 

9 

15 

*4 


N.B.—Ii and Ij are the values of the currents in the two opposite directions. Ri and 
B* represent corresponding resistances (in arbitrary units). 


Actual measurements of the resistances in the two opposite 
directions have also been made for specific directions in the case 
of a good carborundum crystal. 

If ABCD represents the (111) face of the carborundum 
crystal, the actual resistances along directions (AB, BA), 
(AD, DA) and (BD, DB) have been determined by the 
Callendar Griffiths bridge method. The results, are shown in 
Table II. 
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Table II. 


Directions. 

Resistances 
in two directions. 

(1) 

(2) 

0) 

(2) 

(AB) 

(BA) 

•146 Mil 

•075 Mn 

(AD) 

(DA) 

780 n 

266 11 

(BD) 

(DB) 

•625 Mn 

105 Mn 


II. Rectification with Different Crystals 
having the same Metal Contact. 

Experimental details: 


The circuit diagrams for the construction of the characteris¬ 
tic curves are shown in Fig. 3. G represents the galvanometer 
shunted, when necessary, with a low resistance S. In Fig. 3 (a) 
is shown the circuit arrangement for crystals of low resistance 
e.g. } galena, iron pyrites, etc., where the resistance of the 
voltmeter is large compared with that of the crystal. The 
potentiometer method shown in Fig. 3(b) is meant for 
crystals of resistance not less than 1000 w., e.g., zincite, carbo¬ 
rundum, etc. In any of the two circuits, positive and negative 
voltages can be applied to the crystal by simply turning the 
commutator rocker. 



Fio. 8. 
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The mounting of the crystal has been carried out in the way 
shown in Ftg. 4. The crystal under examination is screwed or 
soldered to the brass ring P and the lever arrangement makes it 
possible to apply a constant pressure to the piece of silver wire 
which is screwed tightly to the bottom end of the vertical brass 
rod A. The upper end of the rod is screwed to a wider piece of 
metal D having a concave outer surface on which the lever arm 
rests. One end L of the lever is made the fulcrum and a weight 
is applied at a suitable distance on the other end. 



Experimental results .—Only crystals of good crystalline 
form have shown rectification effect in the same direction. 
Natural crystals of irregular form have shown positive, 
negative and no rectification effects. (The rectification has been 
called positive when the direction of the rectified current is from 
the crystal to the metal contact.) In the case of the iron 
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pyrites,—the only symmetrical crystal we have in a good crystalline 
form—the sign of the rectification has been found to be negative 
for all contact points on the (100) faces (excepting one or two). 
The good carborundum crystal (which is made up of at least two 
or three single crystals) has shown positive rectification for 
many contact points. Quite a number of points on the same 
surface have also shown negative rectification effects. Fig. 5 



illustrates the positive and negative rectification effects observed 
in another lump of carborundum polycrystal. The experimental 
results are shown in Table III. 

It is difficult to explain both positive and negative rectification 
effects for the same crystal on any existing theory of rectification. 
Maintaining the theory of plate-and-point rectification, Reisshaus 14 
attempted to explain the arbitrary direction of the rectified 
current by pointing out that some points of the crystal surface 
are likely to be more pointed than the metal contact. The 
suggestion is negatived by the fact that the point-and-plate effect 
has been found too small to account for the observed rectifica¬ 
tion effects. 


U ‘L'Onde Electric,’ Maroh 1929, Vol. 8. 
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Table III. 


Rectified Current within range o 1 

6 units. 

(Galv. scale divs.) 

Number of observations. 

12 to 18 

1 

6 to 12 

8 

0 to 6 

42 

0 

7 

0 to -6 

20 

-6 to -12 

8 

-12 to -18 

2 

-18 to -18 

1 


III. Rectification with Crystals in contact with Pointed Cry¬ 
stals of the same Composition. 

(a) Symmetrical crystals: 

Experiments with galena-galena, ironpyrites-ironpyrites, 
magnetite-magnetite, molybdenite-molybdenite, pyrolusite-pyro- 
lusite, cassiterite-cassiterite and bornite-bornite have all shown 
rectification effects. The direction of rectification has been found 
either way and the magnitude for many contact points very small 
and for many others moderate. 

(b) Crystals having no centres of symmetry : 

Experiments with carborundum-carborundum, zincite-zincite 
and silicon-silicon have shown rectification effects as pronounced 
as in the case of these crystals with a metal point. This is evi¬ 
dent from a comparison of the characteristic curves for crystal 
plane-crystal point and crystal plane-metal point. Typical 
curves for carborundum and zincite are shown in Fig. 6. (For 
experimental results see Table IV.) Exact comparison is not 
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I-V Curves are represented by ciicles and the rectification-ratio curves by crosses. 

Fig. 6. 

possible, since the total resistance in the circuit in the two cases 
has not been made the same. Nevertheless, it is clear that 
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whatever be the cause of the “ point ” rectification in the case of 
the symmetrical crystals, it plays a minor part in carborundum, 
zincite and silicon crystals. These results have been corroborated 
by passing both L. F. and H. P. alternating currents. 

These results are definitely against the existing thermo¬ 
electric electrolytic or electronic theories of rectification. 

IV. The Effect of Heating the Contact Point on the Rectifica¬ 
tion Effect. 

Experimental details. —The junction has been heated elec¬ 
trically. The metal whisker in the form of a straight stout silver 
wire pointed at the end has been passed vertically through a 
spiral of a few turns of fine platinum wire. In passing currents 
of varying strengths through the platinum spiral, the contact has 
been heated to various temperatures. A small piece of thick 



36 


Fi«. 7. 
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asbestos has been fixed on the top of the crystal surface and below 
the heating spiral with a small hole for the whisker to pass 
through. This has been to prevent heating the entire crystal. 
The arrangement of the apparatus is shown in Fig. 7. 

Two different series of experiments have been performed, one 
with 1000 cycles/ sec. A. C. from the microphone hummer and 
the other with H. F. current (\*=200m, frequency = 1'5x10* 
cycles/sec.) obtained from a tuned-anode one-valve oscillator. 
The circuit arrangement and the mounting of the crystal in the 
case of H. F. current are shown in Fig. 8. 



For a certain fixed value of the heating current, the current 
I r as indicated by the D. C. galvanometer when an alternating 
current passed through the detector circuit, is not the true rectified 
current, for, due to the junction being heated, there must be a 
thermo-electric current I t . The difference between these two 
currents represents the actual rectified current. Immediately 
after observing I r , the leads from the A. C. supply have been 
shorted and the thermo-electric current I t carefully recorded. The 
difference (I r — I t ) has been found for various values of the 
heating current. 

Experimental results : 

In the case of symmetrical crystals the rectified current has 
been usually found to decrease as the temperature of the junction 
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is increased. The experimental results with both L. F. and 
H. F. currents for iron-pyrites and magnetite are illustrated in 
Fig. 9. If the rectified current is small to start with, at room 
temperature, the value of (I r — I t ) may fall to a zero or even a 
negative value as the junction is heated. This change in the 



—+> He AT If* a Current iti Amperes- 
J r =. Af'tmre.Txt rtc&fttd Current 
^ s T^trmo-eUctrvc Current— -RRRr 

(lyrl t )s True rttLfttd Current — »» » 

Fia. 9. 


sign of the rectified current on heating the junction is shown in 

Fig. 10. 
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- J t tif h Tri£ft^o-£Lec-rftic cureeut 
•»H- T HVE ReCTtPlCIf CURKPHT. 

Fio. 10, 


In the case of carborundum, zincite, and silicon, there 
has been practically no change in rectification on heating the 
junction between the contact point and the crystal (see Fig. 11). 
This is in keeping with the view that ini these crystals the asym¬ 
metric conductance due to crystal asymmetry is the predominant 
factor in producing the total rectification effect. The experimen¬ 
tal results are incorporated in Tables V and VI. 

Discussion of the results : 

Some definite statements can be made in view of these 
experimental results!.*! 
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(1) The thermo-electric current I t on heating the junction 
between the silver point and each of the crystals has been invari¬ 
ably found to flow from the crystal to the point. If the rectified 
current is due to this thermo-electric current, the rectified current 
must also flow in the same direction. We have seen that in 
some combinations this is so, while in some others the rectified 
current is opposite to the direction of the thermo-electric current. 
This contradicts Eccles’ theory. 



Fio. 11. 








272 


8. R. KHASTGIR 


(2) The general equation for the current-voltage characteris¬ 
tic curve given by Eccles is 

+ cxy 2 + bxy — x + p'y = 0 

where y is the current, 

x the voltage across the variable part of the crystal 
resistance. 

p the contact-resistance (variable part) and 
a, b, c are the coefficients depending on the Thomson 
Effect, the Peltier Effect and the temperature 
coefficient of the crystal resistance respectively. 

Here ‘ a ’ can be positive and negative, * b ’ is positive by 
definition and ‘ p ’ is also a positive quantity. The coefficient * c ’ 
which involves the temperature coeff. of the crystal resistance is 
negative for these crystals. On analysing the curve which the 
equation represents, it can be seen that its curvature at the origin, 
which is a measure of the rectification effect (without any bias 

26 

voltage), depends on — ¥ . The rectification effect, therefore, 

P 

ought to increase according to Eccles’ theory when the contact 
point is heated, for when the temperature of the contact point is 
increased, ‘ 6 ’ which involves the Peltier E. M. F. must increase 
and * p ’ the variable part of the crystal resistance must diminish. 
Our experiments, however, have shown that usually the rectifica¬ 
tion effect in the case of symmetrical crystals diminishes as the 
junction is heated. 

L. S. Palmer 15 however, mentions that B. Hoyle observed 
an increase in rectification on heating the contact point. 

F. The Effect of Heat, Ultra-violet Light and X-rays on 

Crystal Rectification. 

The effect of heating the crystals has been invariably to 
decrease their rectifying action. Iron pyrites crystal when heated 


15 ‘Wireless Principles and Practice’, 1928, p. 304. 
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to 100°C. has been found to lose altogether its rectifying power. 
The effect of ultra-violet light is a very slight diminution in the 
rectifying action. The diminution is considerable when the 
crystals are exposed to X-rays. Flowers lfi studied the effect of 
heat on the rectifying power of galena. The effect of ultra-violet 
light and X-rays on the rectification has been previously studied 
by W. Jackson. 17 We have repeated the investigation and have 
gained some additional knowledge on the subject. The results 
will be published elsewhere. 

Conclusion. 

Only the experimental results have been presented in this 
paper. It is clear that the existing theories of crystal rectifica¬ 
tion are unsatisfactory and in many cases not compatible with 
the experimental results. We have, however, developed a theory 
based on the existence of an unbalanced electrostatic force 
on the crystal surface which can satisfactorily explain the 
observed facts about crystal rectification in the case of ionic 
crystals which do not show volume rectification. The theory 
will be given in a subsequent paper. The experiments described 
in this paper have strongly suggested that in the crystals 
having no centres of symmetry, there is an additional amount 
of rectification due to asymmetric conductance. More decisive 
experiments have to be performed before w r e can associate defi¬ 
nitely this volume rectification observed in carborundum, zincite 
and silicon with the crystal asymmetry. The volume rectification 
in the crystals having no centres of symmetry can, however, be 
explained according to Kronig’s idea. 

Our thanks are due to Prof. S. N. Bose for his kind 
interest in the investigation and to Prof. J. C. Ghosh and 
Dr. K. S. Krishnan for kindly supplying us with some crystals. 

Physics Laboratory, 

Dacca University. 

Nov . 10th, 1934. 


‘Phys. Rev./ 1909. 


w ‘Phil. Mag.,* May, 1928 
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Table IV. 


Voltage 

(volts) 

ii 

ij 

Roct. 

ratio 

Voltage 

(volts) 

ii 

h 

Rect. 

ratio 

Carborundum-silver 
(good crystal) 


Carborundum-carborundum 
(good crystal) 


*9 

0 

0 

... 

2 

1 75 

10 

*42 

2*1 

2 

1*5 

*25 

4 

G-5 

3*75 

*42 

3*3 

7*5 

4 

*47 

6 

18 

9 

•5 

4-5 

18 

9 

•5 

8 

81 

13 

•58 

5*7 

34 

17 

•5 

10 

53 

21 | 

*6 

... 

... 

••• 

... 

12 

98 

38 

*61 


Carborundum-silver Carborundum-carborundum 

(lump) (lumps) 




N. B.—li and Ij are currents in arbitrary units in the two opposite directions. 
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Table y. 


1000 cycles per sec. 

1*5 x 10* cycles per sec. 

Heating 

current. 

in 

amperes 

Temp. 

(Centi¬ 

grade.) 

Ir 

(Galv. 

divi 

1, 

scale 

sions.) 

1,-1. 

Heating 

current 

in 

amperes 

Temp. 

(Centi¬ 

grade.) 

Ir 

(Galv. 

divi 

I, 

scale 

sions.) 

1,-1, 

Iron Py 

rites.—A 

9- 








0 

30° 

-65 

0 

-55 



-161 

0 

-161 

*2 

32° 

-54 

‘25 


*3 

32*-5 

-158 

2 

-160 

*3 

32°.5 

-505 

*5 

51 

*5 

33° 

-153 

7 

-160 

*4 

33* 

-47 

75 

-47*75 

*8 

35° 

-132 

26 

-158 

*5 

35* 

-44 

115 

-45*15 



-109 

48 

-157 

•6 

43° 

-43 

1*8 

-44-8 






*7 

50* 

-39 

275 

-41*75 






•8 

60° 

-34 5 

40 

-38*5 






•9 

75° 

-28*5 

55 

-34 






10 

90° 

-16-5 

8‘0 

-24-5 






Magne 

tite—Ag. 









0 

30° 

22 

0 

22 

0 

30° 

23*5 

0 

23*5 

*2 

32° 

24*5 

2*5 

22 

*25 

32° 

23*5 

*5 

23 

*3 

32°.5 

305 

6-0 

23*5 

*4 

33° 

23‘8 

*8 

23 

*4 

33° 

35 

11*75 

23*25 

*5 

35° 

23*8 

1*0 

22 8 

*5 

35° 

43 

205 

225 

-6 

43° 

24*0 

1*5 

22*5 

*6 

43* 

55 

325 

22*5 

*7 

50° 

24*25 

1*8 ! 

22*45 

•7 

60* 

73 

51 

22-0 

*8 

60° 

24*25 

2*25 

22 

*8 

60* 

95 

73*5 

21 - 5 

*9 

75° 

24*5 

25 

22 

• 

75° 

121 

101 

200 

1*0 

90° 

24*5 

2*5 

22 

10 

90* 

150 

133*5 

1G'5 



i 



Iron Py 

rites . —A 

9- 








0 

80° 

-8’6 

0 

-8*5 






‘25 

•3 

32° 
32°.5 

- 1*0 

8-5 

7*5 

10*75 

-8*5 

-7*25 

I, — Apparent rectified current. 

I, s« Thermo- electric current. 


•4 

*5 

33° 

35* 

16*5 

29 75 

19*75 

32*5 

— 3*25 
-2*75 

(Ir' 

■—!«)=*True rectified current 


•0 

43° 

63*6 

52 

1*5 

The negative sign indicates that the current 

•7 

60° 

91 

77 

14 

flows from the “whisker 

to the crystal. 

•8 

60° 

146 

115 

31 






*9 

75* 

215*5 

157*5 

58 






10 

90* 

326 

244*5 

81*5 







37 
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Table VI. 



1000 cycles per 

sec. 


1*5 x 10* cycles per sec. 

Heating 

current 

in 

amperes 

Temp. 

(Centi¬ 

grade.) 

i, 

(Galv. 

divi 

lr 

Beale 

sions.) 

1,-1, 

Heating 

current 

in 

amperes 

Temp. 

(Centi¬ 

grade.) 

I, 

(Gahr 

divi 

I, 

scale 

sions.) 

1,-1. 

Carboru 

ndum—S 

ilver. 








0 

30“ 

6175 

0 

6175 

0 

30° 

10 

0 

10 

.25 

32° 

61*5 

0 

61*5 

*25 

32° 

10 

0 

10 

5 

35° 

61*5 

0 

61‘5 

•4 

33° 

10 

0 

10 

•8 

CO" 

61 

0 

61 

*5 

35* 

10 

0 

10 

10 

90° 

61*5 

0 

61*5 

■6 

43° 

10 

0 

10 

1*2 

110° 

61*5 

0 

61*5 

‘7 

50* 

10 

0 

10 

1*5 

150° 

62 

0 

62 

*8 

60° 

10 

0 

10 






■9 

75' 

10 

0 

10 






1*0 

90° 

10 

0 

10 

Zincite 

—i Silver . 









0 

30° 

-51 

0 

-51 



-20 

0 

-20 

•3 

32° *5 

-61 

0 

-51 

•25 

32° 

-20 

0 

-20 

*5 

35° 

-51 

0 

-51 

*4 

33° 

-10 

0 

-20 

•8 

60" 

-61 

0 

-51 

*5 

35° 

-20 

0 

-20 

1*0 

90* 

-51 

0 

-51 

*6 

43° 

-20 

0 

-20 

1*2 

110* 

-51 

0 

-51 

*7 

BB 

-20 

0 

-20 

1*5 

160° 

-51 

0 

-51 

*8 

■ 

-20 

0 

-20 






*9 

■ 

-20 

0 

-20 







m 

-20 

H 

-20 

Silicon 

— Silver . 









0 

30° 

29 

0 

29 

0 

30° 

235 

0 

23-6 

•3 

32° *5 

29 

0 

29 

*25 

32'5 

23*5 

0 

23-5 

*5 

35° 

29 

0 

29 

*4 

33° 

23 5 

0 

23 5 

*8 

60° 

29 

0 

29 

•5 

35° 

23 5 

0 

236 

1*0 

90° 

29 

0 

29 

•r» 

43° 

23*5 

0 

23-5 

1*2 

110° 

29 

0 

29 

*7 

50° 

23*5 

0 

23 5 

1*5 

160° 

29 

0 

29 

•8 

60° 

23 5 

0 

23-5 



• 



*9 

75° 

23*5 

0 

23-5 






l-o 

90° 

23*5 

0 

235 
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Some Magnetic and Raman Spectra Evidence on 
the Structure of Complex Cyanides.* 

By 

D. M. Bose, Calcutta. 

(Received for Publication, November 28th, 1934.)] 

Abstract —In a previous paper, it has been shown from magnetic 
evidence that in the complex cyanides, the cyanogen groups are present 
as double molecules (CN) 2 , which are linked to the central paramagnetic 
atom by single or double bonds. In the present paper it is shown that 
the Baman spectra of the complex cyanides can also be satisfactorily inter¬ 
preted by means of the same structural formula. 

In a previous paper 1 entitled 711 The relation between the 
paramagnetic properties of molecules and their chemical consti¬ 
tutions ” the writer had, from a study of the magnetic properties, 
given a theory of the structure of co-ordination compounds 
including double salts. The starting point of the investigation 
was the consideration of the magnetic properties of the double 
cyanides of elements belonging to the first transition group, from 
which certain conclusions were drawn as to the detailed mechan¬ 
ism of the co-ordination bond, whose theory based upon elec¬ 
tronic interaction, was first given by Sidgwick. In the paper 
it was shown that in the case of the double cyanides like KCu 
(CN)„ K a Ni(CN) 4 , K 3 Co(CN)„, etc., the unpaired electrons in the 
3rd shell of the atoms Cu, Ni and Co, viz., 1, 2 and 3, were paired 
respectively with the free spin moments of an equal number of 
negatively charged double cyanogen molecules (CN)r> whose 

* Bead before the Inaugural Meeting of tba Indian Physical Society on the 29th 
September. 1984. 

1 Bose, Zeit. f. Phys., 65, p. 677,1980. 
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structure can be written in the form (NC :CN).“ Since the 
publication of this paper, the writer has been on the look out for 
some optical evidence of the presence of such doubly linked (ON), 
molecules present in the double cyanides, viz., in their Baman 
spectra. 

The Baman spectra of simple and complex double cyanides 
have been studied by a large number of investigators ; the 
results obtained up to 1931 are included in Kohlrausch’s book. 2 
Subsequent to the publication of this book two important investi¬ 
gations by Damaschun 8 and by Samuel and Khan * have ap¬ 
peared. From a comparative study of the frequency shifts 
due to the C :N bonds in these simple and complex cyanides 
and also in similar compounds containing the S. C. N group, 
it has appeared to me that conclusions as to the existence of 
the (CN :CN) group in the double cyanides can be reasonably 
inferred. It is the purpose of the present paper to show how 
the above conclusions can be reached. 

Before proceeding to discuss the Raman spectra evidence, 
it will be necessary to give a short resume of a portion of the 
previous paper in which the structure of the complex cyanides 
is discussed. As is well-known, the paramagnetic properties of 
the elements belonging to the first transition group and of their 
compounds is due to the magnetic properties of the electrons 
present in the incomplete d-shell of these atoms or of their ions. 
According to a theory proposed by the writer 5 the paramagnetic 
moment of the compounds can be calculated to a first approxi¬ 
mation in the following way. Of the two magnetic moments 
of each electron present in the d-shell, viz., those due to the 
orbital moment and to the spin moment, the latter only is effec¬ 
tive. Each electron contributes one Bohr magneton, and the 
resultant moment of the ion is equal to the algebraic sum of the 

* Rohlrauscb, Smekal-Raman Effekfc. 

8 Damaschun, Zeit. f. Phys. Chera. B., 16, p. 81, 1932. 

4 Samuel and Khan, Zeit. f. Phys., 84,87 (1933). 

5 Bose, Zeit, f. Phys., 48, p. 8C4, 1927. 
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moments due to all the electrons present in the d-shell, taking 
into consideration Pauli’s Exclusion Principle. Therefore the 
magnetic moment n B of an ion with Z' electrons in its d-shell 
is either 

equal to Z! Bohr magnetons if Z' ^ 2Z + 1 
or to2(2Z + l)-Z'=10-Z' ifZ'^2Z + l 

where 1 =2 for the d-shell. 

These paramagnetic elements can give rise to 

(i) Cations like Ni ++ , Cr +++ etc., in which the parent atoms 
have lost their two 4s electrons and in the trivalent ions one d 
electron. 

(ii) Cationic complexes like [Co(NH 3 ),,] +++ , etc v where the 
ion has associated with it 4 or 6 neutral molecules like NH S , 
HjO, etc. Some of these complexes have the same magnetic 
moment as the parent ions, others are either diamagnetic or 
have a lower paramagnetic moment. These belong to Werner’s 
group of co-ordination compounds. 

(m) Anionic complexes, including double salts, the most 
important of which are, for our purpose, the cyanides, whose 
constitution we are going to discuss. In these complexes the 
paramagnetic atom does not loose any of its outer electrons, 
but in the majority of cases they take up electrons from their 
neighbours to fill the vacant places in their d-shells, and the 
complex becomes either diamagnetic or has a small residual 
paramanetic moment. 

In Table I are collected together the experimentally found 
values of the magneton numbers of the double cyanides of the 
transition elements. In column (3) are given the number of 
vacant places in the d-shell of the element, the magneton 
numbers of whose double cyanides are given in (5); (6) is 
obtained by subtracting (5) from (3), and represents the 
number of vacant places filled up in the d-shell of the para¬ 
magnetic atom in the double cyanide. This 'is found to be 
equal to the number of (CN) groups present in the latter^ 
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Table I. 


Atomic 

Number. 

Element. 

No. of 
Vacant 
places in 
dd-shell. 

Double 

Cyanides. 

Magneton 

number. 

No. of 
Places 
filled up 
in d-abell. 

No. of 
(ONr 

group. 

29 

Cu 

1 

K[Cu(CN)j 

0 

1 

1 

28 

Ni 

2 

Kj[Ni(CN) 4 ] 

0 

2 

2 

27 

CO 

3 

K 3 [CO(CN) 6 ] 

0 

3 

3 

26 

Fe 

4 

K 3 [Fe(CN) 6 ] 

1 

3 

3 


»» 

M 

K 4 [Fe(CN) 6 ] 

0 

4 

4 

25 1 

Mn 

5 

K 3 [Mn(CN) a ] 

2 

3 

3 


tf 

t» 

K 4 [Mn(CN) # ] 

1 

I 

4 

24 

Or 

i 6 

K 3 [Cr(CN) 6 ] 

8 

8 

8 


Mo 

4d-shell 

6 

[ K 4 [Mo(ON) 8 ] 

0 




W 

5d-shell 

6 

K 4 [W(CN„)] 

0 






' “71 





which is shown in (7). These cyanides can be looked upon as 
being built of the following constituents, viz. , mK + ions, m(CN) - 
ions, the paramagnetic atom Me and n (ON) groups, giving rise 
to a compound with the formula Km[Me(CN) m+ „l _m . It will be 
seen that each one of the (CN)” groups in a double salt contribu¬ 
tes one electron to the d-shell of the paramagnetic atom so 
that if originally the atom had Z electrons in the d-shell, in the 
complex it has Z' = Z+m electrons and its magnetic moment n 
is equal to 10—Z'. 

Now we shall consider in detail the mechanism by which 
the (CN)” ion contributes an electron to the d-shell. In a 
previous paper® I have discussed the evidence for supposing that 
the (CN) molecule has the structure (Is)*, (ls) 2 ,(2#)®,(2p)®,(3s) 1 A i.e., 

• Bose, Phil. Mag., 6, p. 1048,1998. 
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in the molecule, each of the C and N atoms retain their respec¬ 
tive shell of Is electrons, both of which are enclosed in a common 
shell of 8 (2s* p) electrons, outside which there is one electron 
in a 3s shell,,—the latter is the valency electron of the (CN) 
molecule. In the (CN) - ion there are 2 electrons in the 3s shell, 
which is then completely filled up with the spin axes of the 
two electrons oppositely oriented, so that the (CN) - ion is dia¬ 
magnetic. Now if in these double cyanides each of the (CN) - 
ions contributes one electron to the d-shell of the paramagnetic 
atom, then the spin coupling between the two electrons in the 3s 
shell of the ion must be broken down, one of the electron enters 
the d-shell of the paramagnetic atom and the other electron has 
a free spin moment which, unless otherwise compensated, would 
go to increase the magnetic moment of the complex. But we find 
that the double cyanides have either zero or a greatly reduced 
paramagnetic moment. We have therefore to find a mechanism 
by which the free spin moment of the (CN) - ion in the complex 
is compensated. This can take place by attaching to each of 
the (CN) - ion a (CN) molecule, which has an unsaturated elec¬ 
tron in its 3s-shell. In the majority of cases, the number of 
(CN)~ and (CN) groups in tho cyanides are equal* and in them 
we have the following structure, viz., to each vacant place in the 
d-shell of the paramagnetic atom is attached a (NC :CN) - group. 
We will illustrate by writing the structural formula of K 3 Co(CN) 8 , 
which can be considered as being built up of the following 
constituents 

3K + , 3(CN) - , 3(CN), Co Co 

3d 4 s 

+ + + 

+ + + (A) 

+ . CN jTTJ CN 

+ . CN rj CN 
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Here + represents the electrons originally present in the 
d-shell of the Co atom, and ' represents the electron originally 
in the valency shells of (CN) - , respectively of CN ; the above 
diagram (A) shows the way they fill up the d-shell of the Co 
atom and saturate their own residual valencies. 

We shall next consider the case of those cyanides in 
which the number of (CN) - group is greater than the number 
of CN groups, e.g., K 4 Pe(CN) 6 , which can be considered as 
being made up of 4K + , 4(CN) - , 2CN,Fe, and represented struc¬ 
turally as 

Fe 

3d 4s (B) 

+ + + 

+ . CN^Tj CN + 

+ . CN |Tj CN 

+ . CN|T1 

+ . CN LJ 

Here the residual valencies of the last two (CN) - groups 
have to neutralise each other. 

Thus the structural formula of K 8 Co(CN) 6 can be written as 
K;[Co(NC :CN)r ] and of K,Fe(CN), as K, [ gjg 

We have given above the structure of the double cyanides 
as deduced from a study of their magnetic properties. Next we 
shall consider what evidence in support of the above representa¬ 
tion can be obtained from study of the Raman spectra of these 
complex cyanides. It is to be expected that the Raman spectra 
of the CN groups found in these compounds will show certain 
characteristic frequencies, which will be slightly different in the 
two cases A and B considered above. 

It is known that the chemical properties of the (CN) group 
is in many ways similar to those of Cl, and from analogy we can 
expect that the (CN) - ion will have some properties similar to 
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that of O, and in those cases where the mas6 of the radical has 
to be taken into account, e.g., in influencing infra-red vibration 
frequencies! the similarity will be more with the S atom. 


Table II. 




Inner Vibration ObN, in 

Me (CN) 

2087 

(ON)' 

Me 8 (ON) 

2056 

(8. CN) ” 

R. S(CN) 

2148 

(8. ON) group in covalent bond 

R. (CN) 

2250 

(ON) group in covalent bond 


Table III. 



i 

a 




a 

$ 

Hi 

KAg (CN), 

200 (m) 

... 

... 

2130 (St) 

KjNi (CN), 

... 

• •t 

... 

2142 (m) 

K,Ni (CN) 4 

... 

... 

... 

2150 (St) 

E,Zn (CN), 

... 

2055 (w) 

... 

2140 

2160 

KjCd (CN)| 


... 

... 

2184 

2160 

K,Cn (ON), 

... 

... 

2095 

2176 (to) 




2092 (St) 


KjCO (CN), 

340 

2070 (to) 

... 

2141 (St) 


405 (to) 



2148 (m) 

K,Bh (CN), 

598 (to) 

... 


2149 (m) 

K,Cr (CN), 

782 

... 


2187 (to) 

K 4 Cr (CN)g 

619 (v.w) 

[ 

... 

2180 (m) 

K|Pe (CN) e 

% ... 

1 2051 (St) 

2022 (St) 

2163(»), 2196(io) 

KlRu (ON)e 

381 (to) 

... 

... 

2068, 2107 


88 
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Table II has been compiledjjy Samuel and Khan 4 from the 
data found in Kohlrausch’s book ; 2 it shows how the 0—N resp. 
the S.C a N oscillation frequency is influenced by the presence 
of other groups attached -by covalent or electrovalent bonds. 

In Table III are collected together the principal oscillation 
frequencies observed in a number of double and complex cyanides. 
The data are collected together from Kohlrausch’s book 2 and 
from the papers ofiDamaschun 8 and of Samuel and Khan. 4 

The values of av found for the Raman shift, has been divided 
into three groups, of which those in the first are of compara¬ 
tively small values, varying from 290 cm -1 to 782 cm -1 . They 
represent evidently the oscillation frequencies of the co-ordinated 
(CN) group with respect to the central atom. It is rather re¬ 
markable, as pointed out by Samuel and Khan, 4 that none of the 
double salts containing 4 CN groups, show the presence of a 
frequency shift lying in this region ; in the case of K 2 Ni(CN) 4 , 
which is diamagnetic, and therefore with strong co-ordination 
bonds, the expected presence of frequency shifts in this region 
was vainly looked for by these authors. The second group of 
frequency shifts can be divided into two sub-groups a and >8, of 
which those under /3 have values very near that due to the 
ionised (CN) - ,viz., a^ = 2087 cm -1 . This shows that a portion 
of the double cyanides in solution are dissociated, giving rise to 
free (CN) - radicals. 

The group of frequency shifts tabulated under ii(a ) have the 
values 2055, 2051, 2070 with a mean value of 2059, which is 
very near the value of 2064 found for the (SCN) - radical. In 
the third column, if we exclude for the present the shifts observed 
for the last three salts in which there are four (CN) - groups, we 
find their mean value is z\v=2140, which is sufficiently near to 
the value of found for the (SCN) group held in covalent bond 
to an organic radical, to permit the assumption of a similarity 
of structure between the (SCN) radical and the cyanogen .groups 
present in the double cyanides. 
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We thus find that in the Ramani spectra due to the double 
cyanides in solution there are two groups of frequency shifts 
with mean value of 2140, 2059 which are very near to the fre¬ 
quency shifts due to the (CN) group in the (SON) radical present 
respectively in non-ionised and ionised states. We can therefore 
assume that in these complex salts, the (CN) groups are present 
in the form (NC : CN)~ in which the CN - group acts in the 
same way as the S atom in the radical (S.CN). 

The structure which we have deduced for the cyanides from 
Raman spectra evidence is thus in agreement with the structure 
of the paramagnetic cyanides which have been obtained from a 
study of their magnetic properties. 

We will now take up the consideration of the Raman spectra 
of the cyanides, containing 4 (CN)” groups, which are placed 
in the bottom of Table III. As shown above, in these compounds, 
there are two (CN)a groups and one (CN) 8 ", which are bound 
by covalent bond to the central atom. Corresponding to these 
two types of binding of the (CN) a groups with central atom, we 
should expect two modified frequencies of the CN vibration, one 
of which ought to be the same as that found for the previous 
group of cyanides. This expectation is fulfilled in the case of 
K 4 F e (CN) 6 . The other value of ^v is greater by about 40 cm, -1 
and is due to the stronger binding of the (CN) 2 group to the 
central atom. In the case of K 4 Ru (CN) 8 we also get two differ¬ 
ent frequencies, differing by about 40 cm -1 which is the same as 
in the previous case, but their absolute values are less and come 
nearer to those given under ( ii) for the previous compound. The 
presence of a low frequency shift under (i) for this compound 
inclines us to the assumption that the former are due to the 
(CN)" groups in covalent bond, rather than due to the ionised 
groups. The values of ^v for K 4 Cr(CN) 0 are nearly the same as 
for K 8 Cr(CN) 8 . It is known that the first named compound is 
rather unstable, and in solution it probably changes into the 
latter form. 
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Concluding Remark —The nature of the valency bond contri¬ 
buted by the (CN) group in the double salts is the basis of our 
interpretation, given in the previous paper, of Sidgwick s theory 
of co-ordination bond. An investigation of the Raman spectra 
of the hexamine salts of the iron group is being undertaken in 
our laboratory, and further discussion is deferred pending the 
conclusion of this investigation. 
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Space Group and Atomic Arrangements in 
Anthraquinone Crystals, Part 1.* 

By 

Kedareswar Banerjee, D. Sc., and Bhagawati Charan 

Guha, M. Sc. 

Dacca University, Dacca. 

(Received for publication, September 27, 1934.) 

Abstract. 

Oscillation photographs of meso-anthraquinone have been taken by a 
camera of good resolving power ; hko planes with h + k odd do not reflect 
and goniometer measurements show the existence of a centre of symmetry. 
The space-group is therefore D 2A p /x ji v (V A 13 according to Schonflies 
notation). 

In recent years, a number of aromatic organic crystals have 
been completely studied and their atomic arrangements determined 
by the help of X-ray diffraction as well as from the measurements 
of their magnetic properties. 1 All the substances that have been 
studied have shown that the benzene ring in aromatic compounds 
is plane and different adjacent benzene rings in the same molecule 
lie in the same plane except dibenzyl where the two plane ben¬ 
zene rings lie parallel to each other but in two different planes. 
Even substitution does not change the benzene ring from its 
planar structure, as is shown by hexamethyl benzene, hexachloro- 
benzene, and p-dinitrobenzene . 3 In hexamethyl benzene and 
hexachlorobenzene the carbon and the chlorine atoms are in the 
same plane as in the benzene ring. But in p;dinitrobenzene it is 

* Bead before the Inaugural Meeting of the Indian Physical Sooiety on the 29th 
September, 1984. 
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not so. So it may be interesting to examine this point for other 
substitution products and for that in view the study of anthraqui- 
none has been taken up. 

Anthraquinone crystals belong to the orthorhombic class with 
axial ratios 

a: b: c = 0-8004 : 1 : 0-1607. 

The cell dimension has been found recently by Hertel and 
Romer 8 to be 

a - 19-7 A° ; b - 24*5 A°; c - 3’95 A°, 
and by Caspari 4 to be 

a = 19*65 A 0 ; b =- 24‘57 A° ; c - 4*00 A°. 
with 8 molecules per unit cell. 

For crystallisation Kahlbaum’s pure anthraquinone was 
taken. The substance was crystallised from benzene. Axial 
lengths as determined by us from layer line diagrams about the 
three crystallographic axes are 

a = 19-7 A 0 
b = 24-6 A° 
c = 3-95 A 0 

Oscillation photographs about the * b ’ and the ‘ c ’ axes were 
taken with ranges of 10°. The exposures were fairly long such 
that the intense spots were heavily overexposed ; this was done 
in order as far as possible, to avoid missing reflection from any 
plane. As the axial lengths along b and c are very long the 
spots in an ordinary camera should over-lap and render identifica¬ 
tion impossible. To avoid this, a camera with 17 "19 cm. diameter 
was used. This was cut out of a brass cylinder and the axis of 
rotation of the goniometer head was fixed very accurately coinci¬ 
ding with the axis of the cylindrical frame for the photographic 
film. Thereby a very large number of reflections could be identi¬ 
fied. In the following tables are given the indices of the 
reflecting planes and their estimated intensities. 
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Table I. 

Rotation about ‘ b * axis. 


Id dices 

Intensity 

Indices 

Intensity 

Indices 

Intensity 

102 

m 

622 

m 

162 

v. w. 

401 

st. 

623 

m 

153 

m 

m 

m 

820 

st. 

551 

m 

600 

st. 

(10)20 

m 

552 

w 

703 

m 

(10)21 

w 

751 

m 

800 

m 

(14)21 

m 

951 

m 

803 

m 

(14)22 

w 

(11)51 

st. 

(10)00 

w 

(16)22 

w 

(13)61 

m 

(10)02 

w 

182 

m 

262 

m 

(12)00 

m 

381 

v. st. 

661 

st. 

(12)02 

st. 

531 

st. 

(10)60 

st. 

(15)01 

w 

582 

w 

(10)61 

st. 

(16)01 

m 

731 

st. 

171 

w 

Oil 

st. 

788 

m 

372 

m 

112 

m 

(11)31 

w 

571 

st. 

311 

st. 

(11)32 

w 



312 

m 

(13)32 

st. 



511 

m 

441 

m 



711 

w 

442 

w 



713 

w 

741 

m 



811 

m 

840 

st. 



911 

st. 

841 

m 



(13)12 

w 

842 

m 



(15)11 

w 

843 

w 



221 

v. st. 

(12)41 

m 



222 

w 

(12)42 

w 

• 


621 

w 

J 

(16)41 

w 
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Table II. 

Rotation about * c ’ axis. 


Indicts 

Intensity 

Indices 

Intensity 

Indices 

Intensity 

040 

v. st. 

840 

st. 

<.18>(16)0 

V. Wi 

0(16)0 

w 

860 

w 

(14)20 

V. w. 

0(22)0 

m 

880 

CD 

(14)40 

V . w. 

1(18)0 

T. St. 

8(12)0 

y. w. 

(14)60 

w 

260 

st. 

8(16)0 

st. 

(14)80 

m 

3(10)0 

V. w. 

910 

y. w. 

(14)(10)O 

y. w. 

2(14)0 

m 

930 

v. w. 

(14)04)0 

w 

2(18)0 

w 

950 

w 

(16)20 

m 

2(20)0 

w 

0(11)0 

v. w. 

(16)40 

m 

400 

m 

9(16)0 

w 

(16)60 

y. w. 

440 

z. st. 

9(19)0 

m 

(16)80 

v. w. 

480 

st. 

(10)20 

m 

(16)(10)0 

st. 

4(12)0 

v. w. 

(10)60 

st. 

(17)50 

V. w. 

4(16)0 

w 

(10) (14)0 

w 

(17)70 

V. w. 

6(13)0 

w 

(10)(18)0 

m 

(18)20 

m 

620 

st. 

(11)10 

w 

(18)60 

v. w. 

660 

w 

(11)80 

w 



6(10)0 

m 

(11)60 

st. 



6(14)0 

m 

(11)70 

st. 



6(18)0 

y. w. 

(11)(18)0 

m 



6(22)0 

w 

(11)(17)0 

m 



750 

st. 

(12)20 

st. 



7(15)0 

m 

(12)40 

V. w. 



7(17)0 

st. 

(12)80 

w 





(12) (12)0 

w 





(12)(16)0 

m 
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Table II ( continued). 


Indices 

Intensity 

Indices 

Intensity 

Indices 

Intensity 

0 (13) 1 

v.w. 

661 

at. 

(10) 61 

w 

0 (22) 1 

v.w 

671 

st. 

(10) (10) 1 

w 

131 

y.st. 

681 

v.w 

(10) (12) 1 

w 

151 

m 

6 (10) 1 

m 

(10) (14) 1 

w 

191 

m 

6 (12) 1 

w 

(10) (16) 1 

v.w. 

i (id i 

V.W. 

6 (14) 1 

w 

(11) 31 

m 

1 (15) 1 

w 

6(18) 1 

m 

(11) 51 

m 

1 (21) 1 

v.w. 

711 

m 

(ID 61 

v.w. 

221 

v.st. 

731 

st. 

(11) 71 

v.w. 

261 

w 

771 

m 

(11) 91 

w 

2 (12) 1 

w 

7 (11) 1 

w 

(11) (13) 1 

w 

2 (14) 1 

v.w. 

7 (13) 1 

v.w. 

(11) (17) 1 

v.w. 

311 

m 

7 (16) 1 

m 

(12) 41 

v.w. 

331 

v.st. 

7 (19) 1 

st. 

(12) 61 

ID 

371 

st. 

811 

m 

(12) 81 

w 

8 (17) 1 

v.w. 

881 

m 

(12) (13) 1 

w 

3 (19) 1 

v.w. 

891 

v.w. 

(12) (16) 1 

w 

401 

v.st. 

8 (10) 1 

w 

(13) 21 

V w. 

441 

at. 

8 (12) 1 

v.w. 

(13) 31 

w 

451 

m 

8 (14) 1 

v.w. 

(13)41 

v.w. 

481 

m 

8 (16) 1 

w 

(13) 61 

v.w. 

4(10) 1 

m 

8 (18) 1 

w 

(13) 81 

m 

4 (12) 1 

w 

8 (20) 1 

w 

(13) (10) 1 

m 

4 (16) 1 

v.w. 

921 

st* 

(13) (12) 1 

w 

4 (20) 1 

v.w 

961 

m 

(14) 01 

v.w. 

611 

st. 

961 

w 

(14) 31 

w 

531 

st. 

971 

v.w 

(15) 31 

m 

551 

v.st. 

981 

v.w 

(16) 51 

v.w. 


39 
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Table II ( continued ). 


Indices 

Intensity 

Indices 

Intensity 

Indices 

Intensity 

691 

w 

991 

w 

(16) 81 

w 

6 (11) 1 

v.w. 

9 (13) 1 

v.w. 

(16) 21 

m 

6 (13) 1 

w 

9 (16) 1 

m 

(16) 61 

w 

6 (19) 1 

m 

9 (17) 1 

v.w. 

(16) 81 

w 

621 

w 

(10) 21 

w 

(16) 91 

m 





(17) 11 

v.w. 


Hertel and Romer* observed some reflections by the Weis- 
senberg goniometer and Caspari 4 obtained a number of reflections 
by the oscillation method. The reflections observed by them 
were mostly found by the author over and above a number of 
other planes. It is found that the hko planes with h + k odd 
are systematically absent. No other systematic “ausloschungen” 
were observed. 

Caspari observed that reflections from all planes with h + k 
odd were absent. But we have from our measurements definite 
evidence of reflection from a number of planes of the type hkl 
where h+k is odd, but they are absent when l is zero. A list of 
such planes are given below with their estimated intensities. 

This shows that the molecule at the centre of the ab face is 
not obtained by translation but by a glide reflection, the glide 
being along the diagonal on ab face. Thus the third plane of 
reflection is to be represented by v and hence the space-group is 
(VJ according to Schonflies). The number of atoms 

per unit cell is 8 and therefore, the molecules do not possess any 
symmetry in the lattice. 

From his observations Caspari came to the conclusion that 
the space-group is V®. From the “ausloschungen” observed by 
him, the space, group corresponds to V” if the crystal belongs to 
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Table III. 


Planes that preclude the possibility of a face-centred lattice. 


Indices 

Intensity 

Indices 

Intensity 

102 

m 

(12) 51 

m 

703 

m 

(12) (13) 1 

w 

(15) 01 

w 

(13) 21 

v.w. 

Oil 

st. 

(13) 41 

v.w. 

811 

m 

(13) G1 

v.w. 

741 

m 

(13) 81 

m 

451 

m 

(13) 101 

m 

671 

st. 

(13) (12) 1 

w 

891 

v.w. 

(14) 31 

w 

921 

at. 

(15) 81 

w 

961 

w 

(16) 51 

w 

981 

v.w. 

(16) 91 

m 

(11) 61 

v.w. 




the orthorhombic bipyramidal class. But in that case the anthra- 
quinone molecule is to be given a plane of symmetry in order 
that the molecules may be fitted into the cell. But from all the 
aromatic compounds that have so far been studied, it appears that 
the anthraquinone molecule can have neither a plane nor an axis 
of symmetry. Caspari concluded that this crystal belongs to the 
orthorhombic bisphenoidal class against the measurements of 
Fels. 5 To test this point, we made goniometric measurements of 
the faces of two crystals which were chosen for showing no sign 
of twinning in X-rays. The existence of the centre of symmetry 
was found in both the crystals, and thus its classification as bis¬ 
phenoidal is precluded. The difficulties of explaining the sym¬ 
metries do not however, come in if the space-group is taken to be 
V“ as is found by us. 
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The paucity of reflections of type hkl with h+fc odd is due 
to the fact that since all the benzene rings are in one plane 
except for the side hydrogens and oxygens, there is a pseudo 
plane of symmetry of scattering matter in the molecule. 
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Rotational Raman Scattering in Benzene Vapour.' 
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Abstract. 

The rotational Raman spectrum of benzene vapour has been successfully 
recorded with the help of a spectrograph producing lines which are absolutely 
free from coma on the Stokes side in the region of A4046. It has been 
found that in the case of benzene vapour at 210°C and under a pressure of 
16*6 atmospheres, the rotational wing is detached from the Rayleigh line, 
and that starting with zero intensity at about 7 cm" 1 from the centre of 
the Rayleigh line, the wing has a maximum intensity at a distance of about 
26 cm" 1 from the said point and extends up to about 70 cm" 1 from the 
Rayleigh line. These observed facts are in fair agreement with the 
theory. 

1. Introduction. 

The theory of the rotational Raman scattering by polyatomic 
molecules has been put forward recently by Placzek and Teller. 2 
According to this theory, in the case of a polyatomic molecule 
which can be represented by a symmetrical top, the transitions 
AJ rs -pi are allowed besides the transitions A = 0 or ±2, which 
are generally observed in the case of diatomic molecules, J being 
the quantum number of the total rotational impulse. Also, when 
the polyatomic molecule is heavy, the rotational wing should start 
with zero intensity at the centre of the Rayleigh line and after 

1 Read before the Inaugural Meeting of the Indian Physical Society on the 29th 
September, 1934. 

2 G. Placzek and E. Teller, Z. f. Phya., 81, 209 (1933). 
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having a maximum intensity at a certain distance, should extend 
up to a definite distance from the centre of the Rayleigh line, 
these distances depending on the moment of inertia and the 
temperature of the molecule. The facts observed in the case of 
gaseous ammonia by Amaldi and Placzek 8 are in fair agreement 
with the theory. In the case of liquid benzene, however, the 
distribution of intensity in the rotational wing observed by 
several authors 4 ’ c ’ 6> 7 is not in agreement with the prediction 
dt the theory. Bhagavantam 0 has suggested that the cause of 
the above discrepancy in the case of liquid benzene is due to the 
fact that some of the benzene molecules in the liquid state are 
grouped together and behave as those in the solid, and the 
intermolecular vibrations in such groups give rise to a continuous 
Raman band superposed on the rotational wing. In the case of 
benzene vapour, however, no such complication is expected. 
The distribution of intensity in the rotational wing due to 
benzene vapour has, therefore, been investigated with suitable 
technique and the results are reported in the present paper. 

2. Experimental. 

There are two main difficulties in the experimental investiga¬ 
tion of the rotational Raman spectra of polyatomic molecules in 
the gaseous state. First, the scattering in vapours is very feeble 
and secondly, it is difficult to eliminate stray light completely, 
so that the undisplaced line becomes overexposed and in the case 
of most of the spectrographs of large aperture a fairly intense 
coma is produced in the neighbourhood of the undisplaced line 
when the latter is very intense. The first difficulty was over¬ 
come by producing benzene vapour under high pressure so that 
the scattering was fairly intense. A small quantity of pure 
benzene distilled in vacuum was sealed inside a stout Jena glass 

3 E. Amaldi and G. Placzek, Z. f. Phya., 81. 250 (1938). 

* J. Weller, Z. f. Phys„ 68, 782 (1931), 

6 8. P. Ranganadham, Ind. J. Phys., 7, 863 (1932). 

6 S. Bhagavantam, Ind. J. Phys., 8, 197 (1933). 

7 8. Bhagavantam and A. V. Bao, Ind. J. Phys., 8. 437 (1934). 
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tube of external diameter about 20 mm. One end of the tube 
served as the window through which the scattered light could be 
observed. The tube was heated upto 210°C in a cylindrical 
electric heater which was provided with two windows, one along 
its length through which the tube could be illuminated and the 
other at one of its ends through which the scattered light could 
be observed. Benzene vapour under a pressure of about 16’6 
atmospheres was thus produced inside the tube. One of the 
Fuess glass spectrographs of this laboratory was found to produce 
lines which are absolutely free from coma on the Stokes side in 
the region of X4046, though there is a fairly intense coma on the 
anti-Stokes side. This spectrograph was used in the present 
investigation and therefore the presence of feeble stray light only 
increased a little the density of the undisplaced line, but did not 
produce any coma superposed on the rotational wing on the 
Stokes side. Precautions were also taken to cut down the 
intensity of the stray light by using suitable apertures in black 
screens and by using a condenser to focus the light from a 
mercury arc on the tube. The scattered spectrum was recorded 
with an exposure of about 10 hours on an Ilford Golden Iso¬ 
zenith plate, the width of the slit being 0‘015 mm. Intensity 
marks were taken with the help of a standard tungsten ribbon 
lamp by varying the width of the slit of the spectrograph. The 
direct mercury arc spectrum was also recorded with proper density 
and with the same width of the slit. 

3. Results and Discussion. 

The microphotometric records of the mercury lines X4046 and 
X4077 in the incident and of X4046 in the scattered spectrum are 
reproduced in Plate V in Figs. 1(a) and 1(6) respectively. The 
dotted portion of the curve drawn in Fig. 1(6) would be obtained 
in absence of the rotational wing. On measuring the distribution 
of intensity in the wing, the curve in continuous line shown in 
Fig. 2 is obtained. It is difficult to draw the theoretical curve for 
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benzene molecule at 210°C according to the theory of Placzek and 
Teller. But in Fig. la on page 242 of the paper by the said 
authors, the distribution of intensity in the rotational wing due to 
a plane molecule which can be represented by a symmetrical top, 
has been shown graphically. If the position of the maximum 
intensity in this curve is taken at about 23 cm -1 from the centre 
of the Rayleigh line, a very rough theoretical curve is obtained 
which is shown by the dotted curve in Fig. 2. The following 
three points, however, are definitely established by the present 
investigation, e.g., (1) the rotational wing in the case of benzene 
vapour is detached from the Rayleigh line and starts with zero 
intensity at a distance of about 7 cm -1 from the latter, (2) the 
wing has a maximum intensity at about 26 cm -1 from the 
centre of the Rayleigh line and (3) the wing extends only up to 
about 65 cm -1 from the Rayleigh line and does not extend up to 
130 cm -1 as observed in the case of liquid benzene by previous 
authors. 

The author is indebted to Prof. D. M. Bose for his kind 
interest in the work. 


Palit Laboratory op Physics, 
02, Upper Circular Road, 
Calcutta. 
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On the Generalised Equation of Heat-Conduction* 
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Abstract. 

Solution is sought of the non-linear equations of heat-conduction for 
non-homogeneous bodies, i.e. t of 



with boundary conditions 

U(0, t) = U(/r, 0 for all t^O 

U(«, 0)=/(*) for all values of x between 0 and n. 

The solution U(x 9 t) is determined in a series of Strum-Liouville character¬ 
istic functions 

U(x, *) = S 

x»l 

The problem of determining the co-efficients v n (t) leads to an infinite system 
of non-linear integral equations which is solved by the method of successive 
approximations developed by the author. The uniqueness of the solution 
is proved. 

* Bead before the Inaugural Meeting of the Indian Physical Society on the 29th Sep¬ 
tember, 1934. 

40 
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Introduction. 

The equation of Heat-Conduction in a homogeneous rod on 
the old theory is known to be 

9 a U 1 0U 0 

0x 2 a 5 d< 

with suitable boundary and initial conditions. But in non-homo 
geneous bodies, and for Heat-Conduction in a deep sea, etc., the 
A »U 

term g-p- has to be replaced by 



where p(x) is a positive function. Moreover, newer theories such 
as those of Quantum Statistics appear to show that the equation 
cannot be of .such a simple form ; there should be a term non¬ 
linear in U on the right-band side. 

Non-linear equations for homogeneous bodies have been con¬ 
sidered by the writer in previous papers. 1 The present one deals 
with the same problem for non-homogeneous bodies. Thus we 
consider the equation : 



for the boundary conditions : 

U(0, t) = U(ar, <) = 0 for all t ^ 0. 

U(.r, 0)=/(.r) for all a: in 0 r ^ tt. 

We determine the solution U(x, f) in a series of the Sturm- 
Liouville characteristic functions : 


U(*. f)=I n r,(<)^(x). 
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The summation over n is taken from 1 to 00 throughout this 
paper. 

The problem of determining the co-efficients v n (t) leads to an 
infinite system of non-linear integral equations which is solved 
by the method of successive approximations developed already 
by the author. 2 Finally the uniqueness of the solution is 
established. 

Existence and Uniqueness of the Solution. 

Let p(x) be an essentially positive function >1 in the 
interval 0 <.x<.ir* and let p(x) as well as its first two deriva¬ 
tives be continuous and uniformly bounded in the whole interval: 

, ' t 

(1) p(*)i<M, <M 

ax t j dx 2 

where M is an absolute constant. 

We try to determine a regular solution of the non-linear 
partial differential equation 



which is regular in the domain : 

(3) 0 ^ x ^ n, 0 £ t, 

and which satisfies the boundary conditions : 

(4) U(0, <) = U(ff, 0=0 for all t ^ 0. 

(6) Ufa, 0 )—f(x) for all x in 0 ^ x it. 

Let X, be the characteristic values and <£ B (a:) the correspond¬ 
ing characteristic functions of the Sturm-Liouville differential 

* For convenience we have taken the interval to be of length *■; obviously any other 
mujnberean be taken without any essential alteration. 
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equation in 


0 ^ ^ JT 


^ v(x)d £\ 


+ \y=0 


for the boundary conditions 


(7) 2/(0)=0, 2/(jt) = 0. 

We assume that <f> n (x ) is a complete system of normalised 
orthogonal characteristic functions. The asymptotic expansions 

of X.„, </>„(&) and are known to be 8 


^n =w2 ^8+0(1), n ~ n j + ®(^) 


where 


/ A sin nq[x) . /1\ 

<p„(x)—a n ; - +0 (- ) 

Vp(*) 


_ a „ SSSJHM+od), 
®* s Vp(») 


(9) g(*) s 


*i= f — 

Jo Vp(*) 

K=r r- 

Jo Vp 


^‘1 


Vp(ic) 


Bin 8 wg(s) 

V'pfa?) 


Now we assume that the given boundary function /(a:) can 
be expanded in a series of <f> n (x) : 


(10) /(*)«: S c^„(*) 

n-1 
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such that the series | c„ | is convergent. 

(11) S(iX n | c„ | ==c (c is a constant). 

Lichtenstein 4 has investigated conditions under which a 
function f(x) can be expanded in a series of In physical 

problems it is preferable to determine a solution in a Fourier 
Series or in the allied series of $ n (x ). Accordingly we set for 
the solution 


(12) U(*,«)-S.t».(i) ♦.(*), 


when the problem reduces to the determination of the co-effi¬ 
cients v n (t) so that the equation (2) and the boundary condition 
(5) may be satisfied. .We see that for any function v n (t), the 
series (12) already satisfies the boundary condition (4). If we 
could determine v n (t) so that for all »I>1 

(13) v n (0)=c ni 

then the boundary condition (5) will also be satisfied. iWe 
assume for the present that the series (12) is absolutely and uni¬ 
formly convergent in the domain (3). 

Then we have 


where 


and 


(14) U»(*. t)=2 n Z n (t) *„(*), 


(15) z»(t)= 1 i 0.(M*i(t)®iW 

k,i 


i 


(16) fn(k,l)=\ <p t (x) <pt(x) <l> n (x)dx. 


Assuming, what will be proved later that the series 


(17) 2>*\ m v n (t) <p H {x) and 28,^ *»(*) 
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are absolutely and uniformly convergent in the domain (3) we get 
on substituting from (12) and (14) in (2) : 

(18) ♦.(*)-3.|jfM.(*)~3,Z«(#)♦.(*) 

so that for all n >1 we get, since all the <f> n are independent. 

(19) ~*-+*nV n (t)=-Z n (t). 

A solution of this differetnial equation which satisfies the 
condition (13) is 


v n (t)=c n e 




i 




z„w* 


( 20 ) 



5*,, U(h. l)v k (,)v,(»)d,. 


We get for all n ^1, 

(21) w n {t)=\ n v n {i)', ■y ) , = A ) ,c n , 

then the equation (2) becomes : 


( 22 ) 


«'»(0 = Y»e 







s 

fc, l 


Uhi 9 


U! k (s) W ; (s)d$ 


(»'-1, 2, 3.). 

This is an infinite system of non-linear integral equations for the 
determination of w m (t), and consequently of the required co-effi¬ 
cients v n (t) which are equal to \-w n (t). We solve the equation 
(22)by the method of successive approximations, and write for 
this purpose: 


(0) . , 
(28) w n (t) =y n e A -‘ 
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and for all tn^l 

t 

(24) K>» (m) (0 = t 

The question now is to prove that the sequence wj m, (t) really 
converges to a limiting function for w —>oc. This we proceed 
to do as follows : 

First of all, we prove that the infinite series 


t 

(25) S„A„f JJhJ) 

J 9 A ‘ A ‘ 

converges absolutely and uniformly for all t > 0 and all h, l ^ 1. 
In fact, we have for all t > 0. 

t t 

(26) f e ~ xAt ~ ,) da = e K, da = - e ~'~ 1 ^L, 

Jo Jo A " A " 

Therefore the series 


( 


S | A 





da. 


UK l) 

A*Aj 


i£i»A* 


i I UK D I 

A, A*Aj 


<siMiiL 

n A*Aj * 


In a previous paper,* the writer has shown that 
S, I f«JK l) I ^ A 

AjAj 

where 

(27) A=7 (1 + M)B 3 I|* > 1, 

where B is the upper bound of <f> n (x), and k is given'by (9). We 
see therefore that the series (25) is absolutety and uniformly 
convergent and that 

(28) 2A, f » da . jteJL ^A. 

n 1 \^Ai 
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From (24)] we get then on account of (11) and (28) for all t\ 
(29) S | to, <"•>(*) | ^0 + A max (5 | | ) 9 . 

n n 

Showing that if the series £|te l / m ' , (t)| is uniformly convergent 
then the series Sju) B fm ^(t)| is also uniformly convergent. 

We shall prove now that the series 
5 | v>„ m '(t) I <32C, 

n 

for all t and all m ^1, provided that 


(30) 



In fact, from (23), we have for all t: 

(31) S«V(0|s;SyJ = C. 

n I n \ 

Substituting this in (29) for m = 1 we get 
S|w» a) (<)|C + AC 2 .<20 

since on account of (30) AC 2 <C. Substituting this again in 
(29) for m = 2, we get 

2,w n <*>(t) <C + 4AC 2 <2C. 

n 

And generally for all ra^l we get: 

(32) Sw B (m> (0|<:2C<l. 

We have to prove now that the doubly infinite series 

oo o© ( 

(33) S S w„ tatl, (i)-w, w (<) 

m*0 n *1 I 


converges uniformly for all feO. 
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We have 


J. *,i X * X ‘ 

: -^u> t <m> , (m> (») -•«) * <m_ 15 («) u>, <m ~ 1 > (*)^d» 


x-^ to t (m) («) £ 


x -j^u> k (m> (t) w , (m> (»)—w k <m_15 (a) w , <m_ 

=- x n r e - A .( t -*)2 *) 

Jo *. ‘ X * X * 


w, (m) (s)-w,' m_1) (a) J + «V»-1>( 8 ) 

w 4 (m) («) — w t (m ~ 1 ) (a) 




]>• 


Summing this over n, and taking account of (28) and (32), 
we get for all t 


(34) 5 

n -1 


Wn (m+1> (0 -W* <m) (0 


<;A.2.2C maxj, 

nm\ 




Repeating the reduction process m times we get: 


(35) 5 

*+i 


i^(4AC)" max 2 

nm\ 


M>„ a, (0-«>,«»(<) 


w n (m+1) (t) — w n lm) (t) 

Therefore 

) oe M 

s (4AC) m ma* 5 m , » ( 1 ) ( 0 ” u ’h <o> (0 

m«0 »*1 

J 

Now, from (30) we have 4AC<1, and therefore 

(87) 2 (4AC) 


(30) 2 2 L^l)(()-to,<m>«) 

m»0 m»1 


m» 0 


1-4AO 


Also 


Sw. a, (0-w- <0> (0- "A. J • -*•<»-«) Wj <0> «Wi <0, W*. 


therefore on account of (28) and] (31)’we have 


( 88 ) 


m«;2| 

n 


w H <i’(t)-u>”«»(i)l<Z AC*. 


41 
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Substituting (37) and (38) in (36), we get 

(39) J I L<«+i>(f)-.»„'•>(*) 

m-0 «-11 1— 4AO 

which establishes the uniform convergence of the double series. 
From this uniform convergence it follows that all the limits 
Urn ) exist, and that all the functions w„(t), where 

—>30 

(40) w u {i) = Vtm u)„ (m) (0 (n = l, 2.) 

m —^oo 

are continuous for all t^o. Moreover, from (32) we get 
(41) 2 ' w n (l) | Z2c^ 1 

n 

From (24) we get then on making m— 

(42) w B (f)=v,c“ X,f —X n C c XAt 4) 2t,j tc t (aW8)<fo. 

Jo X * Aj 

Now wc write again 

(43) c„=4-V»- »,(<)= i—w,(f). 

A-n A. n 

and from (42) we get 

(44) v m (t)=c a e **-10 ‘ (t S> 2 /»(&.Ovi(s) V t (8)ds. 

Jo *•* 

We see therefore that for ti^l, v n (t) satisfies the integral 
equation (20), and consequently the differential equation (19). 
Further, if in the series | Z„(0 j we substitute these values 
of v % (t), we see easily that the series is uniformly convergent. 
Since the functions <£(x„) are uniformly bounded for all n, we 
see that | Z»(t) | 4>(x) is uniformly convergent in the domain 
(3). On account of (41), 

2»A»B*(<)0»(*) — 2a u ’a(0$»( 3 ') 
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is also absolutely and uniformly convergent. From (18) we see 
then that jf-Pn(x) is also absolutely and uniformly conver¬ 
gent in the domain (3). 

We see thus that 


(45) ti(*,tt-2 v (t)<p n (x ), 

n—1 


where the co-efficients »„(t) are solutions of the integral equation 
(44), satisfies the differential equation (2) and the boundary 
conditions (4) and (5). 

It only remains for us to show that this solution (45) is the 
only one of its kind which can be expanded in an absolutely and 
uniformly convergent series of the form t n v n (t)<f> n (,x) and which is 

such that also the series t n \ ' v n (t) | and 2»|-~- converge 

uniformly. 

For this purpose, it is sufficient to prove that the integral 

equation (24) has no other solutions w n (t) (n=l, 2,.) which 

are such that the series t n \ w n (t) J is uniformly convergent. 

If possible, suppose that such solutions w n (t) exist and that 

(46) 2.1 »T(<) ^2c. 


Now we have 

_ (m) 

W m (t)- 10 (t) S 3 “A, 

n 


j: 


2 hih. Q 

k * i AjA i 


x { w,.(a)w,(s) — w k (m ~ l) ($) «,«-»(•>}* 



x { U) i (fi)[w,(a)-w l (m - i '>(«)] +w, < * , - l> (*)[ur*(«)-w, ( "-i > («)]>da 

Summing over n, and taking account of (28), (32) and (46), we 
get 

(47) S. uJI(t)-w. c * > (t) ^A2.2o mcx2» iv n (t)-w n lm -U(t) 
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Repeating this reduction process m times, we get 

(48) S» w7(t)-w n (m) (<)j ^(4Ac) m . maxS, w n (t)-w n M (t) 

But Wn(t)-w* U) = —\ n C e X ‘ (t 2»,j -- uT t (s)w,(t)dt, 

Jo A " A * 

therefore on account of (28) and (46) , we have for all t 

max S» «>„(<) —u; b <<,) (<)|^4Ac s . 

Moreover, since from (3) we have 4AcZ], we get 

lim (4Ac) m =0. 

->» 

Substituting these in (48), we get 

(49) lim 2, w H (t)-iv„ (m) (t) |^(4Ac 2 ) lim (4Ac)" 

m —><» | I m —>oo 

So that for all nrSIl, we get 

(50) w»(<)— lim w n (m) (t)=w n (t), 

m —>*o 

i.e., the two solutions w n (t) and w n (tj of the integral equation 
(24) are identical. This shows that the solution (45) is unique. 
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Abstract. 

An attempt has been made to study the stability of molecular com¬ 
pounds in solution from magnetic standpoint, by measuring the 
diamagnetic susceptibility of some picrates in the solid state and in 
solutions in extra pure benzene over a wide range of concentrations. It is 
found that the susceptibility of the compounds is lowered in solutions and 
the value appr aches that given by the law of mixtures, from which it is 
concluded that the molecules are dissociated in solutions. 

In a paper just communicated to this journal it has been 
shown by Bhatnagar, Verma, and Kapur that the magnetic 
susceptibilities of molecular compounds in the solid conditions 
are quite different from the additive mixture values of their 
constituents. This difference has been further partially attri¬ 
buted to the formation of a co-ordinate linkage. Nothing is 
known regarding the nature of magnetic behaviour of these 
substances when they exist in the dissolved state. 

The stability of molecular compounds in solution has been 
the subject of keen investigation. The molecular compounds 


1984. 


* Bead before the Inaugural Meeting of the Indian Physical Society on 29th September^ 
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formed between picric acid and hydrocarbons or their derivatives 
are by far the largest in number and form a class by themselves. 
In 1894, R. Behrend 1 from solubility measurements on two 
such compounds showed that they get dissociated in solu¬ 
tion to some extent and that their dissociation constant can be 
calculated. A similar indication was observed by Brown 2 
in the case of naphthalene picrate. H. von Halban and E. 
Zimpelmann 8 examined a large number of compounds belonging 
to this series by the photo-electric determination of the absorp¬ 
tion of light by their solutions at different concentrations and 
found them to be dissociated. This work has recently been 
supported by Moore, Shepherd and Goodall. 4 

In the present investigation an attempt has been made to 
test the whole matter from the magnetic standpoint, by 
measuring the diamagnetic susceptibility of the picrates so 
formed in the solid state and in solutions in extra pure benzene 
over a wide range of concentrations. 

The apparatus employed was a modified form of Decker’s® 
apparatus for solutions and liquids and was somewhat similar to 
that of Sibaiya and Venkataramiah. 6 The test piece was a glass 
cylinder of 10mm. length and 2mm. diameter. A thin glass stem 
was fused to this test piece and carried the mirror also. The test 
piece was kept at an angle of 45° with the axis of the pole 
pieces. This arrangement proved very satisfactory for cleaning 
and drying the tube after the completion of each experiment. 

It was found that the position of the glass tube and con¬ 
sequently of the test piece changed sometimes while the torsion 
was being given. To remove any possibility of error liable to 
arise thereby a travelling vernier microscope was focussed sharp¬ 
ly on a cross mark in the body of the tube and it enabled us 

1 Zt it. Physik. Cbem., 16 ,183 (1894). 

* Jour. Chem. Soo., 127, 345 (1925). 

3 Zeit. Physik. Chop., 117, 461 (1925). 

4 Jour. Chem. Soo., 1447 (1931). 

3 Apn. dor Physik., 79, 324 (1926). 

* Indian Jour. Phya., 7 ,898 (1982) 
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to keep the tube always in the same position. Great care 
was taken to keep the quantity of the liquid constant through¬ 
out. 

Care was also taken to keep the test piece directly between 
the pole pieces and not to their sides for if the piece is placed in 
the latter position the possibility of both the motions of rotation 
and of translation comes in. 

Sibaiya and Venktaramiah 7 find the usual practice of back 
torsion to be trying. The authors find that it is not so if the 
positions of the test piece and the glass tubes are noted through 
the microscope before and after the application of the field, 
and in fact, they find this as the most satisfactory arrangement. 

The readings on the torsion head can be interpreted in terms 
of magnetic susceptibility in the following manner :— 

The moment which rotates the glass rod is given by 

m M = ( x-x„ ). H a A ... ... (1) 

where m v = moment of the balancing force. 

x = susceptibility of the surrounding medium. 
x g — susceptibility of the test piece. 

H=field strength. 

A = a constant. 

If the field at the farther ends of the test piece is H 2 and 
that Hj near the centre, H 2 can be replaced by (H 2 —H 2 ) in the 
above equation. If H remains constant, then by substituting 
Cj for H 2 A, we get, 

= (*-*,). C x ... ... ... (2) 

Now p=M T C 8 ... ... ... (3) 

where <£=the torsion. 

M T = torsion moment. 

Cj=a constant. 


f Loc, cit. 
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tWhen thie glass rod is in equilibrium at the zero position, 
the moment of the back torsion must be equal to the moment 
of the twisting force and so 

M t ==m M 

Therefore, 0 = { («—«*) C x }. C 2 

Opfc; 

Putting 0 = —c; 

we get, 0x0 = *— x g ... ... ... (4) 

Accordingly, if x w be the volume susceptibility of water, 
x g that of glass, x a that of air and x a that of the liquid, we have 

(a) x„—x 0 = <p w x C for water 

( b) x a —x g =<p a x C for air 

(c) x a —x g — <j> a xC for the liquid 

From (a) and ( b ) the value of x g can be found as 
follows: 

X„~Xg _ flgXC 




Similarly the apparatus constant C is given by the ex¬ 
pression 

0 = . ( 0 ) 


From equation (c) we have, 

^ ) + 


ftt~1>a 
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And consequently, 



The particular precautions of taking the volume susceptibi¬ 
lities of air and water at the necessary temperatures and pressures 
and of assigning proper signs to the torsion angles must be 
observed. 

The susceptibility of the salt from the solution was cal¬ 
culated with the help of the relation 

^solution ^aalt * U — ®galt^ X ^solvent 

where C TO i t denotes the concentration of the solution. 

The substances investigated were as pure as possible. 
Special care was taken in purifying them by repeated crystallisa¬ 
tions and in every case before taking the magnetic measurements 
their physical constants were determined and compared with 
those given in the literature. Before actual measurements on 
solutions the apparatus was standardised against substances of 
known value and found to give very satisfactory results with an 
error of ±1 per cent. 

Results and their Discussion. 

Table I. 


Anthracene Pier ate. 

Ruby Red. m. pt. 138*5*0. 



Concentration (gma. of the 
substance in 100 gins, of 
the solyent). 

-XxlO'*. 

1. 

6*548 

0*500 

2. 

6*51 

0*476 

8. 

5*50 

0*487 

4. 

8-557 

0*492 
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Table II. 

Naphthalene Picrate. 

Golden yellow. m. pt. 149 0°C. 



Concentration (gms. of the 
substance in 100 gms. of 
the solvent). 

1 

X 

X 

o 

1 

. a* 

1. 

11*60 

0*457 

2. 

10*30 

0-467 

3. 

9*05 

0*486 

4. 

7-16 

0*476 


Table III. 


a-Methyl Naphthalene Picrate. 


Orange yellow. m. pt. 141° — 142°C. 



Concentration (gms. of the 
substance in 100 gms. of 
the solvent). 

— X x 10*®. 

1 . 


16-50 

0*479 

2. 


1080 

0485 

3. 


8*92 

0*478 

4. 


7-31 

0*475 



Table IV. 


Orange yellow. 


Phenanthrene Picrate. 

m. pt. 142*5°C. 


Concentration (gms. of the 
substance in 100 gms. of 
the solvent). 

—x x io~ 6 . 

1. 


17-80 

0-485 

2. 


12-59 

0-470 

8. 


10-48 

0-478 

4. 


7-50 

i_- 

0-481 
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The values of magnetic susceptibility obtained from 
different concentrations of one single substance come out to be 
very nearly equal to one another and considering the low solu¬ 
bility of the compounds and the possibility of experimental error, 
it can be safely said that the value is very nearly the same. As 
such we can take the mean value of the four observations as the 
value for x for the substance in the dissolved state. Bhatnagar, 
Verma and Kapur 8 have recently determined the values of all 
these substances in the solid state and in the table below the 
two sets of results have been compared. 

Table V. 


Substance. 

-X x 10“ 8 in the solid state. 

Observed mean value n the 
dissolved state. 

1. Anthracene picrate 

0-554 

0-488 

2. Naphthalene picrate 

0-524 

0’469 

3. a-methyl naphthalene 
picrate 

0-621 

J 

0-479 

4* Phenanthrene picrate 

0-542 

0-478 


It is evident that the value of x in the dissolved state is 
different from that in the solid state and while our values are 
considerably less as compared with the values of the abovenamed 
observers, they are much nearer to those obtained by the applica¬ 
tion of the mixture law showing thereby that this class of 
compounds do get dissociated in solution. 

University Chemical Laboratories, 

Lahore. 


8 Indian Jour. Phyi,, 1934. 
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An X-ray Investigation of the Crystal Structure of 

Meta-Azotoluene 

By 

Mata Prasad and P. H. Dalai, 

(Received for publication, December 3, 1934.) 

(Plate VI.) 

The crystals of meta-azotoluene develop a (100), b (010) and 
o (111) faces, and belong to rhombic bipyramidal class and the 
axial ratio is 1 


a : b : c = 0 8656 : 1: 0‘5438. 

In this investigation the crystals of m-azo.toluene were 
prepared by the slow evaporation of the solution of the substance 
in absolute alcohol. The crystals grow in the form of four sided 
plates with a (100) as a prominent face. 

In order to determine the dimensions of the unit cell, rotation 
photographs about all the three principal axes were taken by 
means of a Shearer tube fitted with copper anticathode and are 
shown in Plate VI. The lengths of the axes were calculated 
from these photographs which are 

a=ll'8 A, b=13'75 A, c = 7-52 A. 

and 

a:b:c 5=0-8681: 1 : 0-6469. 

The axial ratios are in good agreement with those from gonio- 
metric measurements. 

1 GrOth, Chemische Kryst&llogaphie, 1919, Vol. y., p. 66. 


2 
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In order to determine the space group to which the crystals 
belong (as this determination indicates the symmetry of the unit 
cell and also the symmetry elements of the molecule itself if 
there be any) a few oscillation photographs were taken about b 
and c axes at an interval of 15°. The indices of the various 
diffracted spots have been worked out by Bernal’s 2 method of 
analysis and the reflecting planes have been tabulated in Tables I 
and II. The intensities of the spots were determined by eye 
estimation and the symbols employed by Robertson 8 have been 
used to indicate the intensities of the planes. 

It will be seen from the above series of planes that (001). 
(010) and (100) are halved ; also (h o 1) are havled when h is 
odd and (hko) are halved when k is odd. These halvings corres¬ 
pond to the space group Q n h . The number of molecules required 
by the space group is 8. The number of molecules calculated 
from the dimensions of the unit cell and the density of the crystals 
(1'05) is found to be 4. 

The number of molecules actually present in the unit cell 
being four, i.e., half the number required by the space group, 
the molecules possess some elements of symmetry. These may 
be according to the space group either a plane of symmetry 
parallel to (100) plane or a dyad axis of symmetry perpendicular 
to (100) plane or a centre of symmetry. In order to examine 
which of these symmetrical molecular arrangements exists 
further work is being undertaken. 

One of the authors (M.P.) has to thank the University of 
Bombay for a grant from which part of the expenses of this 
investigation was defrayed. 


Chemistry Department, 
Royal Institute of Science, 

Bombai. 


* Proc. Roy. Soc., A, 113 , 117 (1926). 
1 Proc. Roy. Soc., A, 113, 719 (1928). 
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PLATE VI 



Rotation about 
"a" axis. 


Rotation about 
"b" axis 


I 




Rotation photographs of meta azotoluene. 
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Table I. 


Axial 

planes. 

Inten¬ 

sity. 

Prism 

planes 

(hoi). 

Inten¬ 

sity. 

Prism 

planes 

(okl) 

Inten- 
. ,sity. 

Prism 

planes 

(hko) 

Intensity. 


v.s. 

201 

B. 

012 

V.B. 

120 

V.S. 


8. 

202 

v.s. 

062 

V.W. 

220 

V.s. 

600 

v.w. 

203 

m.s. 

023 


320 

s. 

020 

s. 

204 

w. 



520 

v.w. 

060 

w. 

401 

v.w. 



620 


002 

v.a. 





440 








640 

w. 







160 

w. 


Table II. 

General Planes. 


Planes. 

Intensity. 

Planes. 

Intensity. 

Planes. 

Intensity. 

Planes. 

Intensity. 

Ill 

v.s. 

151 

1 

v.w. 

251 

w. 

412 

w.m. 

112 

s. 

152 

v.w. 

271 

v.w. 1 

413 

w.m. 

121 

: 

w. 

162 

v.w. 

311 


422 

v.w. 

122 

m. 

211 

v.w. 

313 


423 

m, 

131 

w. 

212 

8. 

321 

| v.w. 

441 

w. 

132 

w. 

213 


341 


451 

w. 

141 

v.w. 

221 

w. 

351 

w.m. 

611 

w.m. 


12 


v.w. 


231 


611 


w. 


















29 


Rotational Raman Scattering in Benzene 
at Different Temperatures 

By 

S. C. Sirkar, D.Su. and B. B. Maiti, M.Sc. 

(Plate VII.) 

(Received for publication, Dec. 17, 1934.) 

Abstract. 

The rotational Kaman scattering m benzene at the room temperature 
and at about 210°C has been investigated with the help of a spectrograph 
producing lines absolutely free from coma on the Stokes side. It has been 
found after quantitative measurement of the distribution of intensity in 
the wing that even at the room temperature the rotational wing does not 
start with maximum intensity at the centre of the Rayleigh line as reported 
by previous observers, but it starts with zero intensity at the said point, 
and after having a maximum intensity at about 18 wave numbers from the 
Rayleigh line, gradually diminishes in intensity and extends up to about 
120 wave numbers. When the liquid is heated up to 210°C, the position of 
the maximum intensity shifts away from the Rayleigh line by about 5 
wave numbers and also the wing becomes narrower and extends only up to 
100 wave numbers from the Rayleigh line. 

1. Introduction. 

It is well known !that in the spectra of light scattered by 
many liquids, the Bayleigh line is accompanied by a diffuse wing 
extending on each side up to a few Angstrom units. This un¬ 
resolved band was first observed by Baman and Krishnan 1 and 

1 0. X. Ruin ud E. S. Krithnu, Nttnn, 1SI, 883 (1930). 
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its origin was attributed to rotational Raman scattering. It has 
been observed subsequently by various observers that in the case 
of gases having diatomic molecules and also in the case of liquid 
hydrogen and a few gases having polyatomic molecules, the 
rotational Raman spectrum consists of closely spaced lines in the 
neighbourhood of the Rayleigh line. The theory of the rotational 
Raman scattering by diatomic molecules was given by Manne- 
back. 2 According to this theory, the rotational spectrum’consists 
of three branches Q, 0 and S corresponding to the transitions 
AJ=0 and -£2, where J is the quantum number of the total 
rotational impulse. Also, there is a definite distribution of 
intensity among the different lines in the three branches. The 
relative intensities of different rotational Raman lines in the 
scattered spectrum of gaseous hydrogen observed by Bhagavan- 
tam* are in fair agreement with the theory. 

The theory of the rotational Raman scattering by polyato¬ 
mic molecules has been put forward recently by Placzek and 
Teller. 4 According to this theory, in the case of polyatomic 
molecules, the rotational Raman spectrum consists of five 
branches corresponding to the transitions aJ = 0, ±1 and ±2. 
When, however, the moment of interia of the molecule is high, 
the rotational Raman spectrum consists of an unresolved band on 
each side of the Rayleigh line starting with zero intensity at the 
centre of the Rayleigh line and extending up to a few Angstrom 
units after having a maximum intensity at some distance depend¬ 
ing on the temperature and the moment of inertia of the mole¬ 
cule. In the case of linear triatomic molecules, C0 2 for example, 
the rotational structure of the Rayleigh line consists of lines 
corresponding to the transitions aJ =0, ^2 only, the transitions 
AJ=±1 ar © allowed only in the case of the first excited state of 
the degenerate oscillation (v = 675), but the intensities of these 

* C. Manneback, Z. f. Pbya., 62, 224 (1930); 66, 574 (1930). 

4 8. Bhagavantam. Ind. J. Pbya., 7 ,107 U932). 

« G. Placzek and E. Taller, Z. f. Pbya., 81, 209 (1938). 
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lines at the room temperature are too small to be observed expe¬ 
rimentally. Houston and Lewis 8 have resolved the rotational 
structure of the Rayleigh line scattered by C0 2 and have found 
the lines to correspond to the transitions AJ = 0, ±2 as expected 
from the theory. Amaldi and Placzek 6 investigated very care¬ 
fully the rotational structure of the Rayleigh line scattered by 
gaseous ammonia and have observed all the branches correspond¬ 
ing to the transitions AJ = 0, ±1,±2 as expected theoretically. 
Also, the relative intensities of the lines in the different branches 
observed by them are in fair agreement with the theory. Again, 
it has been found recently by one of the present authors 7 that in 
the case of benzene vapour, the distribution of intensity in the 
rtational wing is in fair agreement w'ith the theory. 

In the case of liquid benzene, on the other hand, there is a 
large discrepancy between the distribution on intensity in the 
rotational wing accompanying the Rayleigh line expected theore¬ 
tically and that observed by Weiler, 8 Ranganadham, 9 Bhaga- 
vantam, 10 and Bhagavantam and Rao. 11 These observers find 
that the rotational band instead of starting with zero intensity 
at the centre of the Rayleigh line and having a maximum inten¬ 
sity at some distance from the latter, starts with maximum 
intensity at the centre of the Rayleigh line and the width of the 
band is much greater than that expected theoretically. Bhaga¬ 
vantam 12 has tried to explain this discrepancy qualitatively by 
assuming that some of the molecules in liquid benzene are 
grouped together as in the solid state, and the intermolecular 
vibrations give rise to a continuous Raman band superposed on 
the rotational wing in the neighbourhood of the Rayleigh line. 

* VV. V. Houston and C. M. Lewis, Proc. Nat. Acad. Amer., 17, 229 (1931). 

* E. Amaldi and G. Placzek, Z. f. Phys., 81, 259 (1933). 

» 8. C. Sirkar, Nature, 139, 850 (1934); Iod. J. Phya., 9, 295 (193$). 

» J. Weiler, Z. f Phys., 68, 782'(1931). 

* 8. P. Ranganadham, Ind. J. Phys., 7, 353 (1932). 

10 8. Bhagavantam, Ind. J. Phys., 8, 197 (1933). 

11 8. Bhagavantam and A. V. Rao, Ind. J. Phya., 8, 437 (1934). 

u loo. oil 
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According to this hypothesis,, however, one would expect a 
change in the distribution of intensity in the wing with the rise 
of temperature of the liquid, owing to the‘'solid molecules” 
being disturbed at high temperatures. But I no such change was 
observed by Bhagavantam in the case of liquid benzene when the 
temperature was raised to 75°C. These facts prompted a rein¬ 
vestigation of the problem and the results obtained with improved 
technique in the case of liquid benzene at the room temperature 
and at about 210°C are reported in the present paper. 

2. Experimental. 

The image of the slit due to monochromatic light produced 
by the glass system of a spectrograph of large aperture generally 
consists of a sharp line and a broad and fainter coma lying very 
close to the line. Sometimes the most intense part of the coma 
lies very close to the line. If the rotational Raman spectrum 
due to a liquid having polyatomic molecules be recorded with 
such a spectrograph, the intense portion of the coma is superposed 
on the part of the wing close to the Rayleigh line, and there is 
likelihood of the results obtained for the distribution of intensity 
in the wing being vitiated by the presence of the coma. There¬ 
fore, a spectrograph producing lines free from coma is required 
ill the ideal arrangement for the present investigation. One of 
the Ruess glass spectrographs of this laboratory was found to be 
suitable for the present investigation, because there is absolutely 
no coma on the Stokes side of the lines produced by it in the 
region of 4046 A, though there is an intense coma on the anti- 
Stokes side. The rotational Raman spectrum of benzene on the 
Stokes side at the room temperature was recorded with proper 
densities with the help of this spectrograph. In order to elimi¬ 
nate stray light, a glass condenser was used to focus the light 
from a mercury arc on the liquid contained in a wide tube, and 
also the other usual steps were taken. The width of the slit of 
the spectrograph was 0'012 mm. A good Zeiss lens was used to 
focus the scattered light on the slit of the spectrograph. 
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In order to record the rotational Raman spectrum of benzene 
at high temperatures, a stout Jena glass tube of length about 
16 cm. and diameter 2 cm. was filled up to three-fourths of its 
volume with pure benzene distilled in vacuum and was sealed 
hermetically after all the air inside the tube had been drawn out. 
The tube was placed inside a cylindrical electric heater provided 
with two windows, one along its length through which the tube 
could be illuminated and the other at one of its ends through 
which the scattered light could be observed. The temperature of 
the liquid was raised to about 210°C by passing suitable current 
through the heater. The pressure inside the tube was thereby 
raised to about 17 atmospheres and the tube was strong enough 
to withstand this pressure. The scattered spectrum was recorded 
with proper density using the same arrangements as in the case 
of room temperature. In the present case, as the tube was not 
very wide and its window was not flat, there was feeble stray 
light superposed on the scattered light, but it only increased the 
density of the Rayleigh line slightly without producing any 
satelite on the Stokes side. The 40461 group of the mercury 
lines in the direct mercury arc spectrum was also recorded with 
the same density as in the spectrograms due to scattered light, the 
same width of the slit of the spectrograph being used in all the 
cases. Intensity marks were then recorded by varying the width 
of the slit of the spectrograph, a standard tungsten ribbon lamp 
being used as the source of continuous radiation. Microphoto¬ 
metric records of the intensity marks as well as those of the 
spectrograms of scattered and incident light were obtained with 
the help of a Moll’s self-registering microphotometer. Care was 
taken to utilise the maximum resolving power of this instrument. 
For this purpose, the slits in the instrument were made very 
narrow and the lines on the plates were made parallel to the slits. 

3. Results and Discussion. 

The microphotometric records of the spectrograms due to the 
incident and scattered light in the region of 40461 are reproduced 

8 
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in Figs. 1, 2 and 3 in Plate VII. In order to measure the distri¬ 
bution of intensity in the wing, the densities of the background 
at different distances from the Rayleigh line are required. The 
record for the Rayleigh line free from coma would give the neces¬ 
sary background. For this purpose, the record for the line 4046A 
in the direct mercury arc spectrum was used. When the wing 
is not sufficiently detached from the Rayleigh line, the back¬ 
ground has to be determined very accurately. A curve exactly 
similar to the record for the line 4046& in the incident spectrum 
was drawn on the record for the scattered line in the proper 
position. Only the part of the curve lying on the Stokes side 
was drawn, because there was an intense coma on the anti-Stokes 
side partly superposed on the wing on that side. The dotted 
curves in Figs. 2 and 3 have been drawn in this way. Different 
portions of the curve are inclined in particular ways to the 
straight line which is generally imprinted photographically on 
the record at every point where the record is started. In each of 
the Figs, 1, 2 and 3, such straight lines will be easily found. 
These lines were used as landmarks and lines parallel to them 
were drawn through the centres of the peaks due to scattered 
lines while the dotted curves were drawn in their proper positions. 
There was thus no chance of the dotted curves being laterally 
shifted or having wrong inclinations. With the help of these 
dotted curves, the densities of the background at different 
distances form the centre of the peak were determined and the 
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intesities of the wing at these points were measured with the help 
of the density-log. intensity curves as usual. The curve drawn 
in continuous thin line in Fig. 4 represents the results obtained 
in the case of benzene at the room temperature, and the dotted 
curve in thin line is obtained in the case of liquid benzene at 
about 210° C. 

It will be seen from Fig. 4 that the intensity of the wing is 
not maximum at the centre of the Rayleigh line as reported by 
the previous observers. The intensity of the wing is actually zero 
at the centre of the Rayleigh line and the positions of maximum 
intensity lie at about 18 cm -1 and 25 cm -1 from the centre of the 
Rayleigh line at the room temperature and at 210°C respectively. 
At the room temperature there is considerable intensity of the 
wing at a distance of about 5 cm -1 from the centre of the Ray¬ 
leigh line and half the width of the Rayleigh line itself is about 
7 cm -1 . Therefore it is not possible to observe the separation of 
the wing from the Rayleigh line visually on the spectrogram, but 
at the high temperature the intensity of the wing at the said 
distance is very small so that the discontinuity in the intensity 
in this region can be observed visually on the spectrogram. If 
the intensity of the wing were maximum at the centre of the 
Rayleigh line, the topmost part of the peak in the microphoto¬ 
metric record of the scattered line ought to be much broader than 
that of the incident line. This was never observed even after 
examining the records obtained for a large number of spectro¬ 
grams. In the case of the liquid at the high temperature, how¬ 
ever, though the wing is distinctly detached from the Rayleigh 
line, the Rayleigh line itself seems to be broadened by about two 
wave numbers on each side of its centre. 

Another change besides'the shift in the position of maximum 
intensity is also observed in the rotational wing with the rise of 
temperature of the liquid. It will be seen from Fig. 4 that at 
210°C the wing extends from a distance of 5 cm” 1 from the 
centre of the Rayleigh line up to about 100 cm -1 , but at the room 
temperature it extends from the centre of the Rayleigh line up to 
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about 120 cm -1 . It was observed by one of the present authors 1 
that in the case of benzene vapour at 210°C, the rotational band 
starts from a distance of about 7 cm -1 from the centre of the 
Rayleigh line and extends up to about 70 cm -1 . Hence it seems 
that as the temperature of the liquid is raised, the distribution of 
intensity in the wing approaches that in the case of vapour. For 
the sake of convenience, the curve showing the observed distribu¬ 
tion of intensity in the wing due to benzene vapour at 210°C is 
reproduced in Fig. 4 in thick broken line. The curve in thick 
line in Fig. 4 represents the approximate theoretical curve 
obtained for benzene molecule at 210°C on the assumption that 
the position of maximum intensity is at about 22 cm -1 from the 
centre of the Rayleigh line. This position of the maximum 
intensity in the particular case is obtained according to the 
approximate theory put forward by Bhagavantam. 1 ® 

Thus it appears from the above results that in the case of 
liquids having nonpolar molecules, the freedom of rotation of the 
molecules is not hampered very much. Some change, however, 
is brought about when the molecules pass from the vapour to the 
liquid state as can be seen from the distribution of intensities in 
the rotational wings shown in Fig. 4. The portion of the wing 
lying between 70 cm -1 and 100 cm -1 from the Rayleigh line ob¬ 
served in the case of liquid benzene at 210°C is absent in the 
case of benzene vapour at the same temperature. At the room 
temperature, again, the wing extends farther beyond 100 cm -1 . 
This fact shows that this portion of the wing owes its origin to 
the liquid state. 

The authors’ thanks are due to Prof. D. M. Bose for his 
kind interest in the work. 

» S. Bhagavantam, Ind. J. Phy*., 8, 881 (1981). 
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ABSTRACT. 

In the present paper absorption spectrum of SnCl 2 vapour has been 
studied over the visible and quartz region. The photographs show three 
regions of continuous absorption having their long wave-length beginnings 
at W 4129, 8759, 2883. These results are explained by assuming the 
optical dissociation of SnCl 2 into Cl and SnCl, the latter being in the 
various states designated by the author as 2 «^(A), 2 n-j^(B), £ and 1J 

(C, D). From the above results and other available data it is argued that 
the chemical binding in SnCl and SnCl a is ionic in nature. 

A fluorescence experiment was, also, tried to obtain support for the 
above view. The SnCl a vapour was illuminated with the radiation 2536 
A.U. of the meroury arc and fluorescence photographed. After an exposure 
of 50 hours, faint fluorescence patches were visible, beginning at 3480 A.U. 
and 8750 A.U. The experiment is still in progress. 

* Communioated by D. S. Eothari and read before the Inaugural Meeti ng of the 
Indian Phytical Society on the 29th September, 1984. 
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1. Introduction. 

Some years ago, Jevons 1 passed an uncondensed discharge 
through the vapour of SnCl 4 , and obtained bands in the region 
X3405-X2830, which were carefully measured and classified by 
him, and interpreted as being due to tin monochloride (SnCl). 
The identification rested on very satisfactory grounds, firstly as 
the bands could be classified according to the usual Kratzer 
formula for diatomic molecules, secondly as he could detect the 
isotope effect due to SnCl 85 and SnCl 87 . Ferguson 2 tried to 
analyse the other less refrangible bands between X3800-X3500, 
which were left unclassified by Jevons. Mulliken 8 wrote a short 
paragraph on the results in which he tried to interpret them 
from his theories of molecular structure. 

It is well known that SnCl is only a temporary molecule, 
being entirely the result of the electric discharge. The structure 
of such a temporary molecule must have very intimate connection 
with that of stabler molecules SnCl 2 and SnClj, and the present 
investigation was undertaken in order to trace this connection. 
Without entering into details, the result obtained may thus 
shortly be stated. When SnCl 2 is illuminated by light of 
suitable wave-length, it decomposes into SnCl and Cl, and 
each of these may be in normal or excited states. The excited 
states of SnCl exactly agree with some of the states obtained by 
Jevons and Ferguson. The result is thus a further extension of 
Frank’s 4 theory of absorption spectra of alkali halides, but in 
this case both the products of photoelectric decomposition are 
not atoms, but a halogen atom and a temporary diatomic halide,, 
both of which may be in normal or excited states. I shall now 
describe how this result has been arrived at. 

1 Proc. Roy. Soc., A, Vol. 110, p. 365 (1926). 

* Phys. Bey., Vol. 32, p. 607 (1928). 

9 Phys. Rev., Vol. 28, p. 497 (1926). 

« Z. Physik., Vol. 48, p. 155 (1927). 



SPECTRA OF MONO AND DICHLORIDES OF TIN 


333 


2. Absorption Spectra of Tin Dichloride ( SnCl 2 ). 

The absorption spectrum of SnCl 2 was first studied with the 
aid of an E 3 quartz spectrograph. SnCl a is, under ordinary 
circumstances, a greyish white translucent substance which 
melts at 246*8°C and boils at 622* -^C. Its vapour pressure 
has been determined by Maier 5 between 300°C and 620°C. 
Juliusberger 6 has given a Rankine type formula for vapour 
pressures. 

log P=A ——C log T 

where T is the temperature in absolute degrees. For SnCl 2 , the 
various constants have the following values 

A=17-5792 292; B = 241G 68 

and 0 = 3-276919. 

The substance is diamagnetic, having a mass-susceptibility of 
— 0’055 x 10 -6 per mole. 

As vapour sufficient for showing absorption can be obtained 
only at comparatively high temperatures, an opaque quartz tube 
about an inch in diameter was taken. It was provided with 
water jackets for preventing the hot vapour from coming from 
inside of the tube and depositing on the transparent quartz 
windows. The substance could be introduced through a side 
tube which also served for the connection to the vacuum pump. 
The furnace was heated by winding nichrome wire round it and 
passing high current through the nichrome winding. 

The vapour pressures could be measured by noting the 
temperature to which the furnace was raised and finding out the 
saturation vapour pressure of the substance at that temperature 
either from the values of Maier or from the formula of Julius¬ 
berger. The temperature of the furnace was roughly estimated 

( 0. G. Maier, * Vapour pressures of common metallic chlorides*, Washington, 
p. 88, (1925). 

» Ann. Physik, Vol. 3, p. 618 (1900). 
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by calibrating it in terms of the heating current when it had 
come to a steady state of temperature. In practice, the steady 
state was brought about by heating it for at least one hour and a 
half with constant current. Each photograph was taken only 
when the furnace had been heated by a definite electric current 
for two hours. The source for the continuous absorption was 
the hydrogen tube run by a high current transformer (2 K.W.) 
at a current density of 100 m.A. Ilford process plates were 
used. A photograph of the absorption spectrum is shown in 
Fig 1. With a view to obtain accurately the long wave-length 
limits of absorption, a series of microphotograms of the negatives 
were taken with the microphotometer at the department of 
Physics of the Muslim University, Aligarh, by Dr. R. Asundi and 
I wish to express my thanks at this place to Dr. Asundi for his 
trouble and to Prof. R. Samuel for his kindness in allowing the 
use of the apparatus. The cuts were very sharp in all the photo¬ 
graphs taken at different temperatures and the limits obtained 
from the microphotograms of these were not much different from 
limits obtained from visual examination. 

3. The Results of the Experiment. 

It was found that the absorption spectrum of SnCl 2 showed 
no trace of bands in the region between X6000-X2000. There 
were, however, three distinct regions of absorption as shown 
below. The thermochemical data have also been noted. 

Beginning of the first region of absorption. 4129 A. 

Beginning of the second region of absorption 3759 A. 

Beginning of the third region of absorption 2883 A. 

Latent heat of vaporisation of tin (L M ) 85’5 k. cals. 

Heat of formation of the salt (Q) 80*8 k. cals. 

Latent heat of vaporisation of SnCl a (Xmx,) 46’8 k. cals. 

R=Atomic heat of formation. 

=Q+DC1 S +L m - Xmxj 
— 176'5 k. cals. 
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Fig. 1. 

A—Continuous spectrum of hydrogen tube. 

B-I —Absorption spectra of SnClz vapour at various temperatures. 
Spectrum of copper arc for comparison. 
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4. Interpretation of the Results — The Spectrum of SnCl. 

Before trying to interpret these results, we shall consider 
the emission spectrum of SnCl, as studied by Jevons 7 and 
Ferguson. 8 For this purpose we shall have to construct the 
Franck-Condon diagram for SnCl from data supplied by the 
above workers. 

Jevons classified two systems which he called a and /?. 
The frequencies of the band-heads were given by 

v 0 =31262-5 + 431 ’3»' -1 -2n' 8 - 363 -5n" +1 -On" 2 

v p =33622-6 + 431-3»'-l-2n' 2 -361-4n" + l-2n" 2 

We can now calculate the energy of dissociation of the molecule 
in the upper and lower (normal) states by using the Birge- 
Sponer 0 formula 

D e = -Hi-cm-i 
4a : e u) e 

For the upper state of the a-band, we have o>/ = 432'5 
cm -1 , x/a»/—l'2 cm -1 , hence = 38837*4 cm -1 

For the lower state, co," = 354 5 cm -1 , = l'O cm -1 

hence D/' = 31240 cm -1 

The upper state of the ^8-band is the same as that of the 
a-band, the lower level is, however, different. For it, < 
= 352*6 cm *, g»„"x/' = 1'2 cm -1 , hence D," = 25725‘4 cm -1 

The frequencies of the heads of the bands classified by 
Ferguson are given by the formulae : 

A 3800 group (a) :v=26579-l + 297-5n'-4 , ln' 2 —349-5n" + l*0n" 2 

A 3500 group (6) :v=28665-3 + 296-2n'-4-2n' 8 + 350-7n'' + l-ln'' 9 

Ferguson, himself, remarked that the lower states of his bands 
were identical with the lower states of Jevon’s bands. This is 

1 Proo. Roy. Soo., A, Vol. 110, p. 365 (1926) 

» Phys. Rev., Vol. 32, p. 607 (1926). 

9 W. Jevons, ‘Report on Band-Spectra of Diatomic Molecules*, p. 27 (1982). 

4 
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apparent from a reference to the above formulae. The energies 
of dissociation of the molecule in the lower states of Ferguson’s 
bands are, D/'=30713 cm -1 for bands of group (a) and 28128 
cm -1 for the bands of group (b). For the upper states the 
value for D/ is 5546 - 5 cm -1 for bands of group (a) and 5371 5 
cm -1 for bands of group ( b ). It is found that the value of 
D/' for the a-bands calculated from both Jevons’ and Ferguson’s 
bands are almost the same, but for the /8-bands they come out 
to be different. 

The distances between the nuclei cannot be determined, as 
the rotational structure of the bands could not be investigated. But 
looking at the values of co e for the upper and lower states we 
find that ft>/=431.3 cm -1 and cd/'= 353 cm -1 (approx.) for 
states giving rise to Jevons’ bands. In view of the empirical 
formula (rl <a,** constant*) connecting <o e and r„ the equili¬ 
brium internuclear distance, we see that the equilibrium distance 
between the nuclei is smaller in the upper state and r t for the 
lower state is 1‘105 times the r„ for the upper one. For 
Ferguson’s states the case is just the reverse. The upper states 
have &>/= 300 cm -1 and the lower ones have ft>„=353 cm -1 . The 
internuclear distance for the upper states is 1‘084 times larger 
than that for the lower. 

Let us now suppose that the binding in the SnCl molecule 
is ionic and it is composed of Sn* and cl. Sn + has two states 
(5s*5p, ) and (5s 2 5p, J P 1 j). The lowest curve corresponding 

to lowest state involved in the production of the /8-bands of 
Jevons’ and y 3500 group of Ferguson is assumed to represent 
the potential energy of Sn* ( a Pj ) cl combination and the 

curve corresponding to the lowest state of the a-bands of Jevons 
and X3800 group of Ferguson is the corresponding curve for 


* The Talus of the constant could have been known definitely only if an analysis of 
the rotational structure of SnCl bands had been made. In absence of any suoh analysis the 
value of the constant remains unknown, and we can know only the ratio between the value* 
of fi for different electronic states of the molecules, 
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Sn + ( 1 P 1 j) ci. A confirmation of this assumption is found in 

the fact that the difference in limiting energies of the two states 
(at r=x>) is given by 

ZXv=D," (a)-D,'i (f>) + v <0 , 0> (6)-v <0 ,°> (o) 

-30713 - 28128 + 28665 3 -26679*1 
«»4671 cm" 1 

This is very nearly equal to a Pj - a Pjj of Snj which accord¬ 
ing to Lang 10 has the value 4253 cm -1 

The next higher curves are those representing the upper 
states of Ferguson’s bands, a set of two very close curves with 
very shallow minima. When the potential energy of these 
upper states of Ferguson’s bands is calculated according to Birge 
and Sponer’s method,* we obtain, as shown before, 5546 and 
5371 cm H respectively. This added to 26579 and 28665 cm -1 
gives the limiting potential energy to be 34036 cm -1 . This 
is practically the same as the limiting energy of Sn + ( 2 P xi ) Cl. 

Hence it may be assumed that the upper states arise from 
the same constituents, uiz., Sn + ( a Pjj) and Cl but coupled in a 

different way so as to give different states. 

The next higher curve is the one representing the upper 
state of Jevons’ bands. Its limiting energy at r**x> amounts to 
72460 cm -1 . The difference between this and that for the 
lowest set of molecular states is 72460—28128=44332 cm -1 . 
This approximately corresponds to the difference Sn + 5s a 5p, 
,p .» —5s 5p a , 4 Pj , hence we can assume that the photochemical 

» Phys. Rev., Vol. 85, p. 446 (1980). 

* Objection may be taken that the Birge-Sponer method of extrapolation in calcu¬ 
lating the energy of dissociation is not applicable to ionio molecules. This objection is based 
on the fact that «, :v curve has not been determined experimentally. In those cases, however, 
where this determination has been made, e>g., alkali halides, (Sommermeyer, Z. Phyaik; 
Vol. 66 p. 548,1929,} this method of calculation has been found to give quite oorrect results. 
There is, further, no strong argument against the use of Birge-Spcnet method of calcula¬ 
ting the heat of dissociation in the case of ionic molecules, simply because the constituents 
axe ions. 
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process giving rise to Jevons’ bands is the excitation of Sri* from 
5$* 5p A 8 P to 5s 5p\ 4 P. 


5.* Assignment of the Electronic Quantum Numbers to Tin 
Monochloride Molecule. 

Coming to the question of assignment of electronic quantum 
number to the SnCl molecule in its various states we should first 
note that when a 6s-electron is brought to the Sn + core (5s i 5p) 
forming Sn (5s 2 5p 6s) the coupling is known to be not of the 
Russell Saunders type but of the jj type, i.e., we obtain four 
terms as follows 


S PJ 


*P 


i* 


Sn + 5s 2 5p 

—-—> 

t 

4253 cm" 1 
(• 

- 


Sn 5s 2 5p 6s 


274 cm - " 1 




t 



4342 

cm"' 

628 cm" 1 

Y~ 



It may thus seem that the coupling between *V and ‘s’ in 
the 5 p electron of Sn + is so strong as to be undisturbed by 
the imposition of the electric field brought about by the presence 
of the 6s-electron, whose energy of binding 11 is 25049 cm -1 . 

The SnCl molecule is supposed to consist of Sn + and c! and 
the energy of binding of the constituents is calculated to be of 
the order 33000 cm -1 . For the upper state of Ferguson’s bands, 
it is only of the order of 5500 cm -1 . In the first case the energy 
of binding is very great. According to Hund n and Mulliken 18 
the coupling between ‘L’ and ‘S’ vectors is broken in presence of 
such strong fields. We get the Russell-Saunders type of bind¬ 
ing. Hence we may suppose that the molecule in the lower state 

u Green and Loring, Phya. Rev., Vol. 80, p. 674 (1927). 

» Z. Physik, Vol. 68, p. 726 (1980). 

“ Review* Mod. Phy., Sol. 4, p. 8 (1982). 
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corresponds to Hund’s V type,, or one intermediate between ‘a’ 
and V. But for the upper state of Ferguson the electric field 
is too small, hence the coupling between ‘L’ and ‘S’ vectors is 
presumably not broken 14 and we get Hund’s case V. 

It has been shown by Hund “ that all the closed shells of an 
atom remain as closed shells when it combines with another to 
form a molecule. The valence electrons combine in some way 
to form the chemical bond. The binding energy of any electron 
of a closed shell is not changed, no matter how many electrons 
are placed outside that shell. This has been shown by Moseley 
from his study of X-ray characteristic lines. It would, thus, 
appear that the chemical bond and in fact all characteristic 
molecular properties, e.g., band spectrum, are due to the electrons 
which do not form closed shells. In the present case the 
electrons which influence the binding are 5s 2 5p electrons of Sn + , 
and all the molecular states should be ascribed only to these 
electrons. In Cl all the electrons form closed shells and their 
quantum characteristics cannot be affected by the presence of a 
strong electric field. The three electrons of Sn + , 5s 2 5p will on 
being perturbed along the electric axis become ( z<r) 2 (yir ), where z 
and y are analogous to total quantum numbers. The states 
resulting from this configuration will be Vj and Vi$. 

Yet a different electronic configuration is possible with the 
same states ( 2 Pj , 2 Pij) of Sn + . This is (z<r) 2 (y<r) and the 
resulting state is . On dissociation the states Vj and Vij 
(A and B), as well 2 £$ will break into the some constituents, viz., 
Sn + ( 2 Pj,ij) and Cl ^So). But as we see from Fig. 2, the 
Ferguson’s upper states, which ought to have been identified 
with 2 Sj , forms a doublet. This can be explained if we assume 
that the coupling changes from * a ’ type of Hund to the * c ’ 
type, as has been pointed out above. Thus iD the combination 
presented by Ferguson’s bands, the coupling being of the * o ’ 

» Phys. Rev.. Vol. 86, p. 609 (1080). 

“ Z, Pbytik, yd. 73, pp.^1,666 (1981) i yd. 74, pp. 1,423 am 



840 


H. TRIVEDI 



I Sn + ( SsSpl, ) + Cl' 
n Sn + ( Saisp.^Pjj )+cr 
m Sn + ( 5s*6p, *Pj ) + Cl" 

type, the j-vector of Sn + ( 2 Pij) processes about the molecular 
axis and gives rise to two states with (projection of ‘ J’ on the 
molecular axis) equal to 1^ and These two states are denoted 
by C and D. They converge ultimately, at r=<x>, to the same 
limit. For small values, they merge into a single level, viz., 
“Sj, where the binding again changes to the type ‘ a ’ of Hund.“ 

In many molecules we often have pairs of states in one of which a p<r, in the other a 
corresponding p* electron is present. In most of those cases the pir is above p*. CaH is an 
exception. In this case p* is above p*. (R. S. Mnllikan, Rev. Mod. Phy. Vol. 4, p. 24, 
1982). SnCi appears to be similar to CaH in this respect. In the present state of theory 
there is no method known by which it can be found out without much difficulty which of the 
two electrons Ula molecule is a bonding one, g<r gs g*. 
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The U :r curves representing these (-£, H) states will be 
as in the Fig. 2. Originating on the left from the same state 
[Sn+CPijJ+cTOSo)] they will get separated with a separation 
equal to 286 cm -1 at their shallow minima. On the right 
these curves will again coalesce into a single curve. This part 
of the curve will represent the state of the molecule if by 
any means the atoms could be brought nearer and interatomic 
field thereby increased to such an extent that the molecule no 
longer behaves as one of * c ’ type, but as a type where Kussell- 
Saunders coupling predominates. 17 

The difference 286 cm -1 , which Ferguson finds in his 
upper levels and which he attributes to separation is nothing 
but the difference between and 1^ levels of SnCl when it 
behaves like Hund’s * c ’ type. A rotational analysis of the 
bands of SnCl can tell us if these states are as suggested by 
Ferguson or l£, ^ as suggested above. In absence of any such 
analysis we have to rely on other considerations, which have 
been advanced above. Ferguson’s assignment was based on 
inferences made from results of a very imperfect measurement 
of the intensity of bands. His assignment is extremely 
doubtful. Until the theory of transitions from levels of a molecule 
of * c ’ type to one of an * a ’ type be fully worked out, the 
interpretation of the rotational analysis will be doubtful. 

With the data at hand one cannot be very definite about the 
designation of the upper level of Jevons’ bands, except that in 
that state the molecule will belong to Hund’s type ‘ a ’. 

6. Interpretation of the Absorption Spectrum of Tin Dichloride. 

We can now interpret the absorption spectrum of tin 
dichloride. As we have seen above, SnClj is diamagnetic. It 

17 We will get yet one more molecular electronic state from 8n 4 ( s P^ )C1~, where the 

molecule behaves as one of Hund’s type * c.’ Its A quantum number will have the value 
i. Such a state is, however, not obtained experimentally and its absence may be 
explained by assuming it to be a repulsive state* 
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means that the molecule has no magnetic moment. This will be 
the case when each of the constituent atoms has its extranuclear 
electrons only in closed shells. In SnCl 2 this state of affairs can 
be represented as 

cf Sn ++ cT 

(3 P 6 ) (5s2) (8p0) 

Each one of the three units has got only closed shells. This kind 
of ionic binding explains fully the diamagnetic character of the 
molecule. 

When this molecule is optically dissociated, SnCl is produced. 
This process can be expressed by the following equations : 18 

(1) Sn ++ Cf 2 + hv l = Sn + CI( 2 7rj) + Cl 

(2) Sn ++ C1' 2 + hv a = Sn + Cf( 2 ff 1 j) + Cl 

(3) Sn ++ C1 2 + hv 3 = Sn + CT$, l£) + Cl 

This process of optical dissociation amounts virtually to a passage 
of an electron from Cl part of SnCl 2 molecule to (Sn + + C1 - ) part. 
The Cl, relieved of the electron, suffers a repulsive force and 
flies off, leaving the residue as (Sn ++ Cl - )“. The only form, 
that it will take, will be Sn + Cl~. If it be in its various 
electronic states, we will get several regions of continuous 
absorption. The difference between the long wave-length 
beginnings of the first two absorption regions is 2384 cm -1 
The difference between the term values of 2 7 tj and Vi$ states of 
SnCl at v = 0 is 2360 cm -1 This correspondence between these 
differences shows that SnCl 2 breaks on optical dissociation into 
SnCl (Vj and Vij) and Cl. The SnCl molecule thus produced is 
the same as gives rise to Ferguson’s and Jevons’ bands. Since 
the binding in the molecule which gives rise to these bands is 
ionic and the SnCl molecule obtained by the dissociation of SnCl 2 
is the same as this, we can say that the binding is ionic in both 
the SnCl molecules. We can assume that only one of the bonds 

u States * *ir| f it 1} ere represented in Fig. 2 by A, B, 0 and D corves. 
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of Cl—Sn—Cl molecule is affected by the optical dissociation 
and the rest of it is left intact, and that both the bonds are 
similar. As (SnCl) portion of SnCl 2 molecule has ionic binding, 
we can say, in view of the above arguments, that the whole of 
SnCl 2 has ionic binding. 

It can further be assumed that the third region of continuous 
absorption signifies the dissociation of SnCl 2 molecule into Cl 
and SnCl in states ^ and 1J (states C, D). These are the next 
higher electronic states of SnCl. The difference between these 
two states, equal to 286 cm. -1 , is so small that they will not 
give rise to two distinct regions of continuous absorption. The 
difference between the beginnings of the second and third regions 
of continuous absorption, however, does not correspond to the 
difference between the energies of the 2 7r lk and ^ states of SnCl. 



Fia. 3. 


I Sn + * + Ci; 

'II SnCUJ or 1J) + C1 

III 8oCl(*irjj)+Cl 

IV SnCl(*irj j) + Cl 


5 
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It is much less. This is probably due to the potential energy 
curves of SnCl (V) — Cl being very steep, whereas the curve 
for SnCl (|) — Cl is comparatively flat, as is shown in Fig. 3. 
These curves explain only qualitatively the appearance of the 
third region of absorption so near to the second region. 

This point can, however, be substantiated by a study of the 
fluorescence spectrum of SnCl 2 . The SnCl 2 molecule, if illu¬ 
minated by a light of wave-length smaller than the beginning of 
the third region of continuous absorption, i.e., 2883 A. U., will 
give rise to SnCl molecule in its normal and excited states. 
These excited molecules in falling back to their normal state will 
give rise to Ferguson’s bands. 

The region where these bands are expected is XX 3400-3900. 
This experiment was actually tried. SnCl 2 was taken at a vapour 
pressure of O'OOl mms. As the fluorescence spectrum under 
investigation is also expected to be in the same region, the 
intensity of the fluorescence spectrum, already very weak, would 
be still reduced by the absorption of SnCl 2 molecules lying in the 
passage. It was to reduce such a weakening of the fluorescence 
spectrum that the pressure of the SnCl 2 vapuor was reduced. 
But the more its pressure was reduced, the more feeble became 
the fluorescence spectrum, because of the smaller number of 
molecules coming in the path of the exciting radiation. The 
0‘001 mms. actually chosen was a compromise between the two 
conflicting requirements. The exposure was 50 hours and the 
plates used were Ilford Golden Iso-zenith, speed 1400 H & D. 

Even after such a long exposure all that was obtained was 
two faint patches at 3450 A. U. and 3750 A. U. They are just 
at the position expected for Ferguson’s bands, but on account 
of the small dispersion used, no structure was discernible. The 
experiment is not very much decisive and it is being repeated 
with better conditions. 

It might be supposed that in the case of SnCl there are yet 
one or more curves lying between C and B which correspond to 
the dissociation of the SnCl molecule into Sn and Cl. If 
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such were the case, the third region of continuous absorption 
in the case of SnCl 2 would correspond to the dissociation of 
SnCl 2 into Cl and SnCl in the state which is represented by these 
curves lying between B and C. The existence of such curves is, 
however, very much improbable as can be seen from the following 
consideration. The curve A leads on dissociation to Sn + 

(5s a 5p, 2 Pj ) and Cl. The energy of formation of Sn + (5s 2 5p, 2 Pj) 

from Sn is given by I p = 59192 cm -119 and the energy of 

formation of Cl from Cl is again given by E« = 86'5 k cal 
= 30415 cm -120 The portion of the potential energy curve 
for the molecule composed of Sn and Cl, which corresponds to 
large internuclear distance, must be I p +E« ■» 89607 cm -1 below 
the similar portion of curve A. Even if this curve is supposed 
to be very much steep, it is hardly probable that it will ever cross 
the curve A above the minimum. For the depth of the mini¬ 
mum below that portion of the curve A which correspond to the 

molecule formed of two atoms Sn + and Cf at a large distance, 
is about 28000 in cm -1 units. It can thus be safely supposed 
that there is no intervening curve between B and C. 

Thus it appears that the SnCl molecule obtained as a result 
of the optical dissociation of SnCl 2 when it is subjected to light 
of proper wave-length, is the same as that which gives rise to 
various bands. The binding in both SnCl and SnCl 2 is ionic. 
The SnCl molecule obtained by the dissociation of SnCl 2 is in one 
of its electronic states, V 4 £ and 1$. 
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1. Unbalanced Electrostatic Force on the Surface of an 

Ionic Crystal. 

In ionic crystals, there is an array of net positive and nega¬ 
tive charges which may be considered to be situated at the lattice 
points. If we take a crystal-plane where similar sets of ions are 
placed at regular intervals, it is evident, when we consider the 
surface layer and the next, that any ion on the surface layer will 
experience an unbalanced electrostatic force. If the first layer 
contains all positive ions, the next will have all negative ioDs. 
The unbalanced electrostatic force will then be directed towards 
the interior of the crystal. Alternatively, if the first layer 
contains all negative ions, the direction of the surface- 
force will be the other way. If again, a crystal-plane 
contains oppositely charged ions alternately^ the electrostatic 
forces will act in opposite directions alternately. Applying the 
problem to the (100) face of a crystal of the NaCl type, Lennard- 
Jones, Taylor and Dent 1 have calculated the values of the electro¬ 
static force for various points on the crystal surface,. 

1 Leonard-Jones, Taylor and Dent., Trans. Faraday Soc., Vol. XXIV, 

1028. 
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2. The Cause of Rectification in Ionic Crystals , 

Of the two features of the current-voltage characteristic 
curves for rectifying crystals, namely, (1) asymmetry and (2) cur¬ 
vature, the first can be explained in the case of the ionic crystals 
in terms of the electrostatic surface-force. The surface-force 
retards electrons which flow in the same direction as and accele¬ 
rates those flowing in a direction opposite to the electrostatic 
force. Thus when an alternating voltage is applied to the sur¬ 
face of such a crystal, the surface-force gives rise to a unidirec¬ 
tional current. The direction of the current depends on the 
direction of the electrostatic force on the crystal-surface. Con¬ 
sidering the crystal-planes which contain similar sets of ions, if 
the first layer has all positive ions, the direction of the rectified 
current will be towards the interior of the crystal. If on the 
other hand, the first layer contains all negative ions, the rectified 
current will flow from the crystal to the “whisker” which is in 
contact with the surface of the crystal. If we call the rectified 
current positive, when it flows from the crystal to the “whisker,” 
we would have negative rectification in the former case and posi¬ 
tive rectification in the latter case. Both negative and positive 
rectification effects are therefore possible. In the planes which 
contain oppositely charged ions alternately, the “whisker” which 
is in contact with a large number of such ions, gives on an ave¬ 
rage, no rectification. In the case of a natural crystal, made up 
of many tiny crystals, the “whisker” may rest on any kind of 
planes exhibiting thereby positive, negative or no rectification. 
This is what has been actually observed, when several natural 
crystals of irregular form have been studied by the author in 
collaboration! with Mr. A.. K. Das Gupta. Only crystals of good 
crystalline form have shown rectification effects in the same 
direction. 

To explain the curvature of the current-voltage characteristic 
curves* we should consider first the local heating at the junction. 
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As pointed out by Eccles , 3 the contact-resistance would gradu¬ 
ally diminish with the increase of the voltage applied to the 
crystal due to the gradually increasing local heating at the junc¬ 
tion. The increase of current due to this fall of contact-resis¬ 
tance can be more than proportionate with the increase of the 
applied voltage. The effect of this Joulean heating at the con¬ 
tact-point is the main cause of the curvature in the current- 
voltage characteristic curve. 

The effect of strain on the crystal may also produce a slight 
curvature. The applied voltage causes a displacement of the ions 
from their positions of equilibrium. When the opposing elastic 
force is overcome by the applied field, the ions are set free. A 
part of the applied voltage is necessary to overcome the opposing 
elastic force and the rest is expended in driving the current 
through the crystal. All the ions are not however, set free at a 
definite voltage. There must always be a certain range of voltage 
within which all the different ions are liberated. This will evi¬ 
dently cause a bend in the current-voltage curve over this range 
of voltage. Dowsett 8 analysed the current-voltage characteristic 
curves for carborundum in a similar way. 

Thus the electrostatic surface-force together with the heat¬ 
ing effect at the contact-point and the effect of strain on the 
crystal can satisfactorily explain the two features in the pheno¬ 
menon of rectification in the ionic crystals which do not show 
volume rectification. 

3. Different Degrees of Rectification on the same Surface. 

On a strictly plane surface of a good single crystal, the recti¬ 
fication effect must be more or less the same. The surface how¬ 
ever is never plane. Invariably there are cracks and crevices 

a Eccles, Proc. Phys. Soc. Vol. 22, 1914. 

3 Dowsett, Wireless Telephony and Broadcasting*, Vol. H, Chap. II* 
p. 29. 
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and sometimes impurities, causing thereby varying degrees of 
asymmetry in the current-voltage characteristic curve. Again, the 
contact resistance may vary from point to point depending on the 
surface condition. These different values of the contact-resis¬ 
tance would result in different amounts of local heating. The 
curvature of the current-voltage curve is therefore expected 
to be different for different contact points ; for the curvature has 
been mainly attributed to the Joulean heating at the contact- 
point. 

4. Necessity of a small Contact Area for Rectification in the 

Ionic Crystals which do not show Volume Rectification. 

A small contact area for rectification is necessary in the 
case of the ionic crystals which do not show volume rectification. 
A large contact area means a large number of contact-points 
of varying degrees of rectification and the average gives a small 
effect. Besides, for some points, the contact resistance may be 
extremely small, causing more or less a short circuit. When 
the crystal is soldered on one side and a “whisker” is pressed 
at a point on the other side, we really observe the difference in 
the rectification effects for an extremely small and for a very 
large area of contact. The small area of the point contact 
controls the rectification. 

5. Variation of Resistance and Rectification Ratio with the 

Applied Voltage. 

How the resistance in either positive or negative direction 
changes with the increasing applied voltage depends on the shape 
of the current-voltage characteristic curve. In all our experi¬ 
ments, the resistance has been found to decrease with the 
increase in the applied voltage. This is explicable, for with the 
increase in the voltage, the Joulean heating at the junction is 
increased and the contact-resistance falls. Besides, the fall of 
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resistance may be expected, if the number of ions liberated 
increases 4 at a rate more than proportionate with the applied 
voltage. The rate of decrease of resistance is not the same for 
the two opposite directions. It is however, not possible to say 
definitely how the rectification ratio (the ratio of the difference 
in the rectified currents in the two opposite directions to the 
current in the low-resistance direction) should change with the 
increase of the applied voltage. In our experiments, the ratio 
has been found to increase in some cases and in some cases to 
decrease with the applied voltage. In some cases again, there has 
been an initial increase followed by a slight continuous decrease. 

6. Rectification observed with the Ionic Crystals (which do not 
show Volume Rectification) in contact ivith Pointed Crystals 
of the same Composition. 

The electrostatic surface-force is increased or decreased as 
the corresponding force at the pointed end is in the same as 
or opposite to that on the surface. Again a dipole induced in 
the pointed crystal reduces the electrostatic force on the surface 
of the crystal, thus decreasing the rectifying power. A small or 
sometimes a moderate value of rectification is thus expected. 
This is what has been found in our experiments. Eccles’* 
thermoelectric theory or Schottky’s® electronic theory of rectifica¬ 
tion cannot explain the results of these experiments. 

7. Effect of Heating the Contact-point on the 
Rectifying Power. 

The interplanar distance in the upper layers of the crystal 
surface increases in the region of the contact, when the junction 

* This is contrary to Joffe’s idea. According to Joffe, Ohm’s law holds in crystals. 
Hevesy, however, thinks that the degree of dissociation increases a& the applied field it 
increased. Vide Joffe's Physics of Crystals, p. 94. 

* Eccles* Proc. Phys. Sue., Vol. ii6, 1915. 

* Bchottky, Zeit f. Phyeik., 14, 1923. 

6 
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is heated. The electrostatic surface-force is therefore slightly 
reduced in value. A slight diminution of the rectification effect 
in the ionic crystals (which do not show volume rectification) on 
heating the contact point is thus expected. The effect of the 
thermionic emission from the heating coil may have some effect, 
especially when the heating current is large. In the crystals, 
which show negative rectification, the first layer on the surface 
has been supposed, according to the surface-force theory, to 
contain only positive ions. The negative charges due to the 
thermions would cause a force in a direction opposite to that 
of the surface-force at the contact-point. This may reduce the 
rectification effect to a certain extent. When the heating current 
is large, it may sometimes be possible for the emitted thermions 
to cause a force larger than the surface-force, so that there may 
be a change in the direction of the rectified current on heating 
the contact point. In the case of the crystals which show 
positive rectification, the negative ions are on the first layer. 
The thermions get repelled and cannot produce any appreciable 
effect. 

The experiments with Mr. Das Gupta have shown these 
features. Usually there is a decrease in the rectifying power 
when the contact-point is heated. With iron-pyrites (which 
shows negative rectification) in some experiments, a change in the 
sign of the rectified current on heating the contact-point has been 
observed, when the rectified current has been small. 

8. Effect of Heating the Crystal on Rectification. 

On heating a crystal there is an atmosphere of free ions in 
the crystal lattices. The photo-electrons which are normally 
embedded among the different lattices are set free, making 
the crystalline medium a better conductor. The electrostatic 
force on the surface layer of the crystal will thus be reduced. 
When the medium becomes sufficiently conducting, the surface- 
force may be extremely small. The rectifying power of some 
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crystals may thus be practically lost on sufficiently heating the 
crystals. Our experimental results and those of Flowers 7 showing 
complete or partial loss of the rectifying power of crystals on 
heating, can thus be explained. Frenkel-Jeffe’s 8 theory can 
also explain the decrease in the rectifying property on heating. 

9. Effects of Ultra-violet Light and X-rays. 

Ultra-violet light produces electronic conductivity in dielec¬ 
tric crystals and liberates electrons inside the lattice. This inter¬ 
nal photoelectric effect does not necessarily lead to an external 
effect. When the energy of the incident ultra-violet light is 
sufficient to produce the internal photoelectric effect, the surface 
electrostatic force will then be slightly reduced as the conductivity 
of the crystal is slightly increased owing to the electronic con¬ 
ductivity. When there is external photoelectric effect, the 
electrons emitted outside the surface tend to further reduce the 
surface electrostatic force in crystals which show negative recti¬ 
fication. With crystals which show positive rectification, the 
photoelectrons emitted outside are only repelled by the negative 
ions on the first layer and do not produce any effect. There will 
be a small decrease in rectification due to the internal photo¬ 
electric effect only which slightly increases the conductivity of 
the crystal. 

The effect of X-rays will be similar and more pronounced. 
Inside and outside the crystal, the recoil electrons are produced 
by scattering. The conductivity of the crystal may thus be 
increased, reducing considerably the electrostatic force which 
determines the rectification effect. 

The reduction in the rectifying property on exposure to 
ultra-violet light has been extremely slight in our experiments. 
There has been a very pronounced decrease in the rectification 

f Flowers, Pbys. Rev., 1909. 

• Frenkel-Jot©, Pbys. Rev., 89,1982. 
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effect on exposure to X-rays. The results of Jackson’s 9 experi¬ 
ments and our own experiments can therefore be explained. 

10. Rectification in Cnjstals having no Centres of Symmetry. 

The existence of volume rectification in carborumdum, zincite 
and silicon and the absence of it in the symmetrical crystals (e.gr., 
iron pyrites, galena, molybdenite, pyrolusite, bornite, etc.) which 
have been observed in the experiments with Mr. Dasgupta have 
suggested the classification of crystal-detectors into two groups : 
(1) ionic crystals having centres of symmetry, and (2) ionic or 
non-ionic crystals having no such symmetry. In the symmetri¬ 
cal ionic crystals, we observe the rectification due to the surface 
force and this is associated with point contacts. The surface- 
force theory given in this paper refers to the symmetrical ionic 
crystals. In the case of the ionic crystals having no centres of 
symmetry, we have to consider the volume rectification in addi¬ 
tion to the rectification due to the surface force. The volume 
rectification can be tentatively attributed to the asymmetry in 
crystal structure as suggested by R. de L. Kronig 10 in his theory. 
According to Kronig, the crystal rectification is due to asymme¬ 
trical binding of the ions into positions of equilibrium by restor¬ 
ing forces not symmetrical for equal and opposite displacement. 
iWe can however explain the volume rectification in this way. 

11. Summary. 

A theory based on the existence of an unbalanced electros¬ 
tatic force on the surface of an ionic crystal has been proposed in 
this paper to explain the phenomenon of contact-point rectification 
in symmetrical ionic crystals. It has been shown how this elec¬ 
trostatic force together with the heating effect at the contact 
point and the effect of strain on the crystal can satisfactorily 

1 Jackson, Phil. Msg., May, 1929. 

10 KrOnig, Nature, March 2, Vol. 128,1929. 
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explain the asymmetry and the curvature of the current-voltage 
characteristic curves for the symmetrical ionic crystals. The 
different degrees of rectification for the different point on the sur¬ 
face and the necessity of a point-contact have been explained. 
The following experimental results obtained with symmetrical 
ionic crystals are explicable according to the proposed surface- 
force theory. 

(1) The positive, negative and no rectification effects observ¬ 
ed in the natural poly-crystals. 

(2) The fixed direction of the rectified current in crystals of 
good crystalline form. 

(3) Rectification observed with crystals in contact with 
pointed crystals of the same composition. 

(4) The effect of heating the contact-point on rectifica¬ 
tion. 

(5) The effect of heat, ultra-violet light and X-rays on recti¬ 
fication. 

In crystals having no centres of symmetry, the volume 
rectification has to be considered. There is evidence of very 
pronounced volume rectification in carborundum, zincite and 
silicon which can be explained according to Kronig as due to 
asymmetric binding of the ions, the restoring forces not being 
symmetrical for equal and opposite displacements.* 


* An outline of the surface-force theory of rectification is recently published in Natun. 
Vol. 185,1085, p. 148. 


Physics Laboratory, 
Dacca University. 
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1. Introductory. 

In an electric arc the space from pole to pole, i.e., the 
core of the arc is filled with the vapour of the substance under 
experiment. The temperature as well as the density in the 
core is very high as compared to those in the sides. If an 
image of the arc in the transverse position is thrown on the slit 
of an instrument for spectroscopic analysis, the spectrum obtained 
is that of a section of the arc normal to its length. In such a 
spectrum (see Plate IX, A) some lines stretch right across the 
core from side to side while others seem to originate from the 
core alone and thus appear to have a length much shorter than 
the former. These were designated as the long and short lines 
respectively by Lockyer. 1 

Though this nomenclature is known to spectroscopists from 
a very long time no attempt at a systematic classification of the 
long and short lines with a view to trace their significant 
differentiating features seem to be on record. In the first 

1 Spectroscopy by B. C. C. Baly, p. 614,1018; Phil. Trass., 184,479 (1874). 
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instance the long and short lines of copper have been classified. 
On a scrutiny of these, a striking regularity has been observed, 
that if the relative orientation of the resultant l and s vectors 
in the initial and final states are compared, then those, for which 
the change in the orientation is large are invariably short lines; 
whereas those for which the orientation change is small come to 
the category of long lines. Besides these, transitions which 
indicate a change of the s vector, also come out as short lines; 
this, however, is not without exception. 

Experiments have also been performed with the arc at 
reduced pressures (Plate IX, B) and the following interesting 
features have been noticed :— 

1. Lines which are short in the arc at atmospheric pressure 
are further shortened in length. 

2. Lines which are ordinarily long and for which the 
orientation change is small but not zero appear as short 
lines. 

3. Long lines for which the orientation change is zero 
generally persist as long lines even at comparatively low 
pressures. 

Experiments are in progress with other metals, such as 
silver, zinc, iron, etc. 


2. Experimental. 

With the arc at atmospheric pressure, the arrangement con¬ 
sists in photographing the spectrum with the enlarged image of 
the arc in a horizontal position, focussed on the vertical slit of 
a large two-prism spectrograph with Littrow mounting giving a 
dispersion of 8 A. U. per mm. at X4023. The entire length of 
the slit (2 cm. long) was thus illuminated so that each part of 
the spectral image on the photographic plate, neglecting astigma¬ 
tism, which is rather small in a prism spectrograph, may be 
regarded as corresponding to different points of the arcs along a 
normal to fts length. 
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TKe chief difficulty in this experiment that had to be sur¬ 
mounted was to make the arc steady, which is essential in the 
present case to obtain any reliable results. This was done by 
the method adopted by H. Nagaoka and Y. Sugiura 8 and con¬ 
sisted in the introduction of a large capacity and self-inductance 
between the electrodes. A capacity of 3 micro-farad and a 
solenoid with a bundle of soft iron wires in the core were 
used. 

For the best working, the current had also to be suitably 
adjusted. With copper arc, a current of about 5 amps, gave the 
best results. 

Each time a photograph was taken, the ends of the rods of 
the metal were cut down into the form of a cone and this helped 
in keeping the arc still more steady. 

In the visible region, high speed Ilford Panchromatic plates 
were used and an exposure of one and a half minutes was 
sufficient. 

For experiments at low pressures, the electrodes were held 
horizontally,by some mechanical arrangement, inside a metal 
case provided with a small circular quartz window for letting out 
the light. The metal case was made air-tight by screwing on 
it a heavy lid provided with rubber pad round the four 
edges. The arc could be struck and the gap adjusted from 
outside by means of an electromagnetic arrangement. The 
pressure in the chamber was then reduced by a Cenco-Hyvac air 
pump. 


3. Experimental Results. 

Long and short lines of copper have been classified in three 
separate tables. Table I contains lines of the P—D and F—D 
combination. Transitions from various initial levels to a parti¬ 
cular final level have been grouped together so as to show at a 
glance how the lengths vary as the orientations 'between the Ii 

* Jap. Journ Phys., 8, 45 (1924), 

7 
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and S vectors change. The orientation changes A 6 have been 
entered into the seventh column and has been calculated from the 
difference in the value of 6, i.e., the angle between the l and s 
vectors of the terms involved in the translation as obtained from 
the equation 


The configurations of the atoms and the types of the various 
terms arising therefrom, as also their values have been obtained 
by reference to A. G. Shenstone, Phys. Rev., 28, 449 (1926), and 
Bacher and Goudsmit, “Atomic Energy States,” pp. 175-179. 
First Edition, 1932. 


Table I. 


Final level. 

Initial level. 


Configura¬ 

tion. 

Symbol. 

Configura¬ 

tion. 

Symbol. 

A 

Nature. 

A0 

in degrees. 

Remarks. 

8d*4«*. 

,D 2J 

3d 10 4p 

2p° 

p il 

6106 

Long 

0 

Long at low 

pressures. 



3 d* is 4 p 

4p° 

P 21 

3694 

Short 

0 

s changes 



3d* is ip 

4p “u 

3456 

Short 

70 

ii 

8 d» 4A 

JD 4i 

3d 1 * 4p 

,P °i 

5782 

Long 

0 

Long at low 

pressures. 



If 

2p, u 

5700 


180 

Shortened at low 
pressures. 



3d 9 4$ 4 p 

4p, u 

3720 

Short 

70 

s changes. 



it 


3609 

Short 

0 

i* 



if 

4F °21 

8630 

Long 

55 

*f 



if 

4p ‘u 

3440 

Short 

0 

if 

8d» 4p, 

’ P ‘i 

3di«4d 

,D U 

5153 

Long 

° 

Long at low 
pressures. 



8d«« 6d 

! ,d h 

4023 

Long 

0 

n 
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Table I.— (fiontd.) 


Final level. 

Initial level. 


Configura¬ 

tion. 

Symbol. 

Configura¬ 

tion. 

Symbol. 

\ 

1 

Nature. 

A* 

in degrees. 

Remarks. 


* p ‘u 

3d 10 id. 

*»21 

6218 

Long 

0 

Long at low 


3d 10 53. 

* D 21 

4063 

Long 

0 

pressures. 

ft 



3d 10 6 d. 

®»» 

3687 

Long 

0 

tt 

3d 9 is ip. 

4p ” 2i 

3d» 4s( 3 D)5s 

4D 2J 

4178 

Short 

90 




M 

,D 3i 

4275 

Long 

0 

ft 


4P 'ii 

II 

,D n 

4259 

Short 

62 




l» 

iD i 

4104 

Short 

no 



n 

• » 

4D 21 

4378 

Long 

20 

Short at low 
pressures. 


M 

4D li 

4415 

Short 

48 



If 

4D i 

4248 

Long 

O 




II 

4D 31 

4661 

Long 

O 

Long at low 






pressures. 


4I? *8i 

ft 

4D 2J 

4587 

Long 

6 

1 Short at low 



If 

<D 3i 

4704 

Short 

84 

j pressures. 



f f 

4D 3i 

4797 

Short 

124 




If 

4D 21 

4674 

Short 

34 




• f 

<D li 

1 4639 

Long 

8 

»» 


4J?, U 

ft 

4D 21 

4842 

Short 

90 




ft 

4D li 

4697 

Short 

48 




ft 

<D 

4509 

Long 

0 




ff 

4D 3J 

5352 

Long 

180 




If 

4D 21 

5201 

Short 

90 




ft 

4D n 

5034 

Short 

48 



Table II contains a set of short lines which do not follow the 
general rule laid down in the introductory section regarding the 
length of lines and their orientation changes. They however, all 
arise from a particular type of transition^ viz. } D°—+D, P,F a G, 
whose peculiarities have been discussed in a subsequent section. 
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[Table II. 


Final Leval. 

Initial Level. 



Configura¬ 

tion. 

Symbol. 

Configuration. 

Symbol. 

\ 

Nature. 

3<Pls4p 

<D, 31 

8d»4s(»D)5* 

4D i 

5292 

Short. 


II 

4 D 

5144 

ii 





4231 

it 



8d»4«(»D3)4(I 

,G 4 

3655 

ti 



It 

*D 

3624 

it 



It 

IF 

3620 

it 


<D °3* 

3d 4spD 3 M* 

4 P i 

3613 

> it 


tt 

<D 1 

3602 

ii 



It 

<F 

3599 

it 



8d>4i( Dj)4d 

% ! 

3512 

91 



It 

| 

*3} 

8498 

ft 


4D# 2J 

8dS4«pD 3 )5s 

4D 31 

5555 

I'l 



II 

<D 2J 

6392 

99 



8d»4»pD)5i 

,D 2} 

4397 

tl 



tl 

* D 1J 

4242 

1* 



8d»4*PD s )4d 

<9 n 

8759 

9 : 



II 

* D » 

8745 

It 



It 

*3J 

3741 

99 



It 

<P 21 

3734 

It 



8d>4*<?Di)id 

<D 2J 

3614 

II 



” i 

®8| 

8610 

It 



3d fcpDi)4<* 

<Q 3} 

3483 

It 



tt 

<a 21 

3472 

•1 



3d>4t<?D)6s 

<D 2J 

6432 

It 


II 

iJ >li 

6250 

tl 



• 1 

‘Dj 

6016 

It 
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Final Level. 

Initial Level. 


Configura¬ 

tion. 

Symbol. 

Configuration. 

Symbol. 

\ 

Nature. 

BcPisip 

tD n 

Sd^D)#* 

*11 

4267 

Short. 



8d»4i(m,)4d 

4D lt 

3 

»i 


lD 'u 

8d*4«( s D|)4<* 

JS 1 

3500 

it 



u 

4Q 2J 

3488 

•f 



If 

4 *21 

3475 

it 


4D °i 

3d 9 4s( I D)5s 


4336 

»> 



3d»4«PDi)4d 

*, 

35 




It 

4F U 


it 


iD> n 

4d«4«(»D)5* 

’ D 2) 

6409 

it 



8d»4«GD)5i 

*21 

4767 

ti 



3d»4*(>D^ 


3712 

it 


,D °2J 

8d»4«(SD)5« 


5536 

f! 



8d»4«(>D)6s 

*2, 

4867 

If 



8d»4«(»Ds)4d 

*2, 

4080 

If 



If 


4075 

fl 



8d»4ipD 1 )44 


3772 

• 1 



8d*4i( 1 D)4d 

*U 

3487 

If 


Table III Consists of lines corresponding to transitions in¬ 
volving an s level in which case the value of l being zero the 
angle between the l and s vectors becomes incomprehensible. It 
will lfo seen from this table that lines due to transition from 
energy levels higher' than 3d 10 6s are short. Below this all lines 
are long. 
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Table III. 



Besides the lines tabulated in the above three tables, there 
are other lines which arise out of transitions between levels of 
very high energy content. They come out as comparatively weak 
and short lines, and this is what one would expect, remembering 
the fact that according to the laws of probability, number of such 
atoms is very small. 


4. Observations. 

From Table I it is clear that lines for which the change in 
the orientation is large are short in the arc at atmospheric 
pressure. With a reduction in pr#sure they either disappear or 
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are considerably reduced in length. Whereas the lines for which 
A0 is small but not negligible and which have been classed as 
long lines, under reduced pressure appear as short lines, the 
lines at XX 4587, 4539, 4378 being examples in point; but lines 
for which A 6 is zero remain fairly long even at a comparatively 
low pressure. As examples, the lines at XX 5782, 5218, 5153, 
5106, 4651, 4275, 4063 may be mentioned. These lines remain 
unaffected in length even at a pressure of 30cm. (Plate IX-, B) 
and all these lines have their orientation change equal to zero. 
The lines at XX 4509, 4248 and 4023 are only slightly diminished 
in length at this pressure. It would thus mean that the d 
priori probability of a particular transition is, to a great extent, 
determined by A0, being larger the smaller the value of A0 j 
so that in the cases of transitions involving A0 = O, a very small 
quantity of vapour is sufficient to produce the line, hence it 
appears long even at a reduced pressure. Incidentally it may 
be pointed out that the persistent lines of De Gramont also 
belong to this category. Some of the lines, however, appear not 
to follow this rule, and as in their cases there is a spin change, 
their shortening may be due to the latter cause. The line at X 
3530 seems to be an exception. A few words might be necessary 
for the line at X 5700, one of the most heavy lines in the arc 
spectrum of copper. The length of this line lies intermediate be¬ 
tween those of the long and short lines so that its classification 
in the present system might seem to be uncertain. But the 
question is at once settled from its behaviour at low pressure 
where it is considerably shortened in length like all other short 
lines. Thus, it should rather be called a short line than a 
long one. 

In the case of D° transitions, lines of which are all short, 
attention may be drawn to an interesting feature, viz., D° type 
is obtained as a result of synthesis of l vectors of orbits which 
are apparently not parallel but inclined to one another. For 
instance the configuration 3d 9 (4s4p) gives rise to doublet and 
quartet terms of F°D°P 0 type. Now, of them F° (1=3) and 
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P° (l =1)' are obtained by the sum and difference of the l value 
of 3d 9 (a3 d 1 ) and 3 p orbits, 4s not contributing at all (v 1—0). 
This, d priori, means that the l vectors are either parallel or 
anti-parallel, whereas in the type D° (1 = 2) they must be in¬ 
clined. It may be suggested that this latter type of synthesis 
is not generally favoured and therefore comparatively larger 
quantity of vapour would be necessary for their production* 

As early as 1874 Lockyer® observed, and this has been con¬ 
firmed in case of the present experiment, that many weak lines 
are longer than some very strong lines and among lines of equal 
intensity some are considerably longer than the others. They, 
however correspond to cases where there is a little or no change 
in the orientation of the l and s vectors. Some of these lines 
have been selected and their lengths have been measured by 

Table IV. 


A 

Designation. 

Intensity. 

Length in mm. 

- A0 

Remarks. 

4275 

4p 2J- 4D 3i 

6 

17-4 

0° 


4878 

4i, U- 4D 21 

6u 

15‘2 

20* 


4674 

4F 2J- 4D 2i 

6u 

14‘2 

84° 


4509 

4p ir 4D i 

4 

10*7 

0* 


4589 

' F 2r’ D u 

4u 

167 

8° 


4097 

,f i(-' d k 

4a 

136 

48° 


4178 

‘ P 2|-' D 2| 

4u 

12*2 

90° 


5292 


4 

14-0 

0° 

D* combination. 

4767 


2a 

10*0 

180° 


5144 


lu 

11*5 

90° 

•» 


9 See Spectroscopy by E. 0. C. Baly, p. 514,1918 and reference given there. 
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means of a low power travelling telescope. Such lines have been 
collected in Table IV, which shows their lengths and intensities 4 
as also their A0 values. 

From the above table it is apparent that there is no very 
close relation between lengths of lines and their intensities. 
The lengths in these cases are rather consistent with the generali¬ 
sations laid down before. 

The fact that the length of a line is not always regulated by 
its intensity is very clearly brought out by the line at X 4226'79 
[4s 2 (‘S)—4s4p OP 1 0 )] due to calcium as impurity (see plate IX, 
A). Although weak, this line stretches from edge to edge with 
about undiminished intensity, whereas many stronger lines of 
copper appear much shorter than this. 

From the above results it is evident that near the edge of 
the flame of the arc, some weak lines are present although some 
equally intense lines or even some comparatively stronger lines, 
are absent at the point. A similar phenomenon w'as observed 
by M. Kimura and G. Nakamura. 3 They observed that in the 
spectrum of the light emitted from the neighbourhood of the 
salt cathode of copper in a discharge tube some heavier lines in 
the arc and spark spectra of copper such as XX 5700, 4587, etc., 
are absent. It is interesting to note that if in these cases also, 
the synthesis of the l and s vectors taking part in the scheme 
of level transition be scrutinised, then it is seen that these lines 
correspond to cases where there is a change in the relative 
orientation of the l and s vectors. The results obtained by 
Kimura and Nakamura have been collected in Table V. The 
2nd, 6th and the 7th columns have been introduced by the 
writers. 

Thus the cathode spectrum of the CuCl 2 discharge tube 
resembles that of a vacuum arc of copper. 


Intensities have been taken from 8benstone’8 paper : Pbys. Rev., 28, 449 (1926), 
Jap. Journ. Phys., 3, 29.(1924). 

8 
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The Band Spectrum of Aluminium Bromide 

By 

P. C. Mahanti. 

(Plate X.) 

(Received for publication, March 28, 1935.) 

Abstract. 

The sppctrum of AlBr has been photographed with moderately high 
dispersion. The vibrational analysis of the bands is in agreement with that 
given by Crawford and Ffolliott. Approximate values of the vibrational 
constants have been calculated from the Q head data. The identity of the 
emitter is confirmed by the close agreement between the calculated and 
observed isotopic displacements. Predissociation has been found to be oper¬ 
ating at the upper state above v '=3 and is attributed to the interaction of a 
Heitler-London level whose products of dissociation are probably a normal 
aluminium atom (8 S P^) and an excited bromine atom (6 2 Dj^) - 

1. Introduction. 

No band spectrum associated with‘the molecule of alumi¬ 
nium bromide was recorded by the early investigators. But in 
the discharge through the vapour of aluminium tri-bromide, 
AlBr„, Crawford and Ffolliott 1 reported the existence of a system 
of red-degrading bands in the region X2745 —X3065. They 
ascribed them to the diatomic molecule, AlBr, and gave an equa¬ 
tion of their R heads measured from low dispersion spectrograms. 
More recently these bands have also been observed by Miescher.* 
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As far as the author is aware, no further account of the spectrum 
has been published by any of these investigators. 

The present paper confirms in main the analysis of the bands 
given by Crawford and Ffolliott. But the photograph obtained 
by the author with a moderately high dispersion spectrograph 
shows the band system in greater detail than theirs as it includes 
in most cases not only the R and Q heads of each band of the 
lighter molecule, AlBr 7a , but also those associated with the 
heavier isotope of bromine. This is a further confirmation of the 
fact that the band system in question is due to the diatomic 
molecule of aluminium bromide, AlBr. 

The similarity of appearance of these bands with those of 
A1CI 3 suggests that they originate in a V—> *2 transition. An 
analogous band system has also been recorded in the spectra of 
gallium 4 -, indium 5 -, and thalium°-halides. 


2. Experimental. 

The bands were photographed by passing an uncondensed 
discharge through the vapour of aluminium tri-bromide. The 
pyrex glass discharge tube was of the ordinary H-form with the 
capillary portion about 2mm. in diameter. At one end it was 
provided with a quartz window through which the light of the 
discharge could be focussed on the slit of the spectrograph by 
means of a quartz lens. The electrodes were of aluminium foils 
rolled into cylindrical forms. A test tube with ground stopper 
was sealed to the discharge tube at the end farther from the 
window and contained anhydrous aluminium tri-bromide. At 
the window end the discharge tube was connected to the pump 
through a number of towers containing caustic soda and an¬ 
hydrous calcium chloride for absorbing bromine which is evolved 
during discharge. The condensation of the bromine vapour on 
the window was avoided by removal of the same by the pump. 
During exposure wet cotton wool was also wrapped round the 
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tube nearest to the window end and the vapour was further 
prevented from reaching it. It was found that even when the 
discharge was run for about three hours, the window was per¬ 
fectly transparent. 

The discharge tube was worked at 5000 volts by means of a 
step-up 4 kw transformer designed in the laboratory. It was 
completely filled up with the aluminium bromide vapour by 
gently heating the test tube containing the solid tri-bromide. 
The colour of the discharge changed to pale green when the air 
inside the tube was displaced by the vapour. There was no 
difficulty in maintaining a fairly constant pressure by continuous 
pumping and appropriate heating of the bromide. 

To photograph the spectrum, Hilger E. 1. quartz spectro¬ 
graph and Ilford special rapid plates were used. Iron arc was 
employed for recording the comparison spectra. With this 
spectrograph the dispersion ranges from 3'5A per mm. at X.2730 
to 5‘5A per mm. at A.3100. An exposure of about an hour was 
sufficient to get the bands well developed on the plates and no 
further extension of the system was recorded by increasing the 
time of exposure. A Gaertner precision comparator was used for 
measurements. In view of the fact that there is usually some 
uncertainty in the correct setting of the cross-wire on the heads 
of bands, the wave-lengths are given only to two decimal places. 
They represent the mean of several measurements made on differ¬ 
ent plates. In no case the individual measurements are found to 
differ from the mean value by more than ± 0.03A. 

3. Description of the Spectrum. 

The bands of aluminium bromide possess in most cases 
sharply defined heads and are all degraded towards the red. The 
principal band heads occur in pairs and are due to the lighter 
molecule, AlBr 79 . As one proceeds towards the red end of the 
spectrum, these pairs of heads are in most cases duplicated by 
equally intense pairs associated presumably with the heavier 
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molecule, AlBr 81 . These features are easily discernible from an 
examination of the photographs (Fig. 1). The general appear¬ 
ance of the double-headed bands at once suggests that the shorter 
wave-length components represent R heads while those lying on 
the longer wave-length side, their Q heads. Due to greater con¬ 
densation of lines, the R heads appear ini general stronger than 
those of Q. But the lines of the R branch extend only up to a 
short distance from the head whereas the Q and P branches 
extend further and are in places partially resolved. 

4. Vibrational Analysis. 

From an inspection of the photographs the bands could 
easily be arranged into groups belonging to different sequences of 
the system. The consideration of intensity of the bands and 
the variation of interval between their R and Q heads suggested 
that the group at A.2789 was to be associated with p— p" = '\p = 0 
sequence. The assignment of vibrational quantum numbers to 
the bands of the remaining groups was then readily made. This 
was subsequently confirmed by the close agreement between the 
calculated and observed magnitudes of the isotopic displacements 
wherever available. Table I contains the particulars of the 
observed band heads together with the assignment of their v\ v" 
values. 

It is noticed that when the Q heads are arranged in a Deslan- 
dres table, the values of <^GV+|> and ^G'V' + l) in the same 
vertical column or horizontal row are very uniform. This indi¬ 
cates that the Q heads are rather close to the origins of the bands. 
On the other hand, such uniformity is not noticeable in the case 
of R heads on account of their varying distance from the band 
origins. Assuming, therefore, that the Q heads represent band 
origins, the equation representing them is found to be as follows: 

v-35875-8 + {301-62(»' + i) -9 18(t>' + *) 8 -O*O05(t>' + J) 8 > 

- - {877-94(t>"+i) -1 W(v» + i)«> ... (l) 



<0.3 > 


MAHANTI 


PLATE X 




The band spectrum of aluminium bromide. 


■(3,10) 
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Table I. 


Data of band heads and their classification. 


A (in aii) and 
intensity. 

v (in vacuo). 

Classification. 

A (in air) and 
intensity. 

v (in vacuo'. 

Classification. 

JV 47-53 (16) 

36385*6 

R 

(2,0) 

i 

2844*33 (31) 

35147*4 

R' (3,4) 

47*67 (16) 

383-7 

Q 

(2, 0) 

44*57 (32) 

144*4 

R (3,4)1 

57-47 (26) 

254-4 

R 

<3,1, 

1 


&Q‘ (3,4)| 

67-47 (37) 

1234 

R 

(1, Oi 

44-82 (32 ( ' 

1413 

Q (3,4) 

67-77 (37) 

119-5 

Q 

(1,0) 

48-22 (33) 

099*4 

R‘ (0, 2) 

76-07 (36) 

0115 

R 

(2,1) 

48-44 (34) 

096-7 

R (0,2) 

76-31 (36) 

008*4 

Q 

(2, 1) . 

48-92 (34) 

090*7 

Q‘ (0, 2) 

86-06 (34) 

358824 

R 

(3, 2) 

4914 (35l 

088*0 

Q (0,2) 

86-22 (34) 

886-4 

Q 

(3, 2) 

55-50 (35) 

009"9 

R‘ (1.3) 

8!)"18 (10) 

842 3 

R 

(0, Oi 

55*74 '36 

006-9 

R (1,3) 

89*65 (39) 

836*3 

Q. 

to. o> 

56-02 OiOi 

003 5 

Q* (1, 3) 

96‘43 13S| 

719-2 

R 

a, li 

5)1-26 37 1 

000-6 

Q (1,3) 

1)6 82 (37) 

7144 

0 

*1, i 

03-98 (.)]. 

349 6 2 

R‘ (2,4) 

m -00 (361 

; 6101 

R 

i2, 2» 

6f28 '35' 

902-2 

| R (2,4) 

05-33 u5) 

63/0 

Q 

(2, 2i 

04-18 ‘35, 

900 1 

Q’ (2,4) 

16-06 (28) 

512*8 

R* 

(3,3) 

64 76 (36) 

896 7 

Q (2,4) 

15-18 (29) 

5113 

R 

(3, 3i 

74-02 (31) 

784*3 

ft* (3,5) 

18-00 (89) 

468*2 

R 

(0,1) 

74 36 (33) 

7802 

ft (3,5)1 

19-18 (38) 

4611 

Q 

(0,1) 



& Q‘ (3, 5<} 

25-78 (88) 

377*8 

R* 

(1,2) 

74-69 (33) 

7761 

Q (3,6) 

26'95 (38) 

3759 

R 

(1,2) 

78-39 (27) 

732*4 

R‘ (0,3) 

26 26 (37) 

3722 

Q' 

(1, 2) 

78-65 (98) 

728*3 

R (0,3) 

26'40 (37) 

370*3 

Q 

(1,2) 

79-25 (27) 

721*1 

Q* (0,3) 

34-29 (35) 

271*9 

R* 

(2,3) 

79-59 (2S) 

717*0 

Q (0,8) 

84'44 (36) 

269*7 

R 

(2. 8) 

86-70 (27) 

643*5 

R‘ (1.4) 

34 69 (85) 

266*9 

Q‘ 

(2,8) 

86-05 (28) 

* 639*3 

R a.4) 

34’85 (35) 

2649 

Q 

(2, 3) 

86-30 (28) 

1 

636*3 

Q’ (1.4) 
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Table I—( continued). 


X (in air> and 
intensity. 

v (in vacuo/. 

Classification. 

X (in air) and 
intensity. 

y (in vacuo). 

Classification. 

3886-65 (39) 

346321 

Q (1.4) 

2947-73 (13) 

33914*5 

R 

(1.6) 

9400 (30) 

5430 

R‘ (2, 5) 

47*95 (14) 

9120 

Q‘ 

(1,6) 

94 47 (31) 

538*5 

R (2,5) 

48*51 (14) 

905*6 

Q 

(1,6) 

04*64 (31) 

536*5 

Q‘ (2, 5) 

55-63 (21) 

8239 

R* 

(2, 7) 

95 02 (32) 

632*0 

Q (2,5) 

56*26 (22) 

816*7 

R 

(2, 7) ) 

3904-14 (33) 

4235 

R' (3,6) 

1 


& Q' 

<2, 7) j 

04 57 (34) 

418*5 

Q* (3, 6) ) 

56*92 (21/ 

809*1 

Q 

(2, 7) 



& R >3, G)J 

65*62 (21) 

709*9 

R' 

(3,8) 

04 98 (34) 

413 6 

Q (3,6) 

66-14 (20) 

704*0 

Q' 

(3, 8) 

09 02 (17) 

365-8 

Rj (0, 4) 

66-29 (22) 

702*3 

R 

(3, 8) 

09 43 (171 

361*o; 

R (0,4) 

66*81 (23) 

696*4 

Q 

(3, 8) 

1000(18) 

354*2 

Q‘ (0, 4) 

72-16 (0) 

635*8 

R 

(0, 6) 

1044(18) 

349*0 

Q (0,4) 

73*35 (6) 

622-3 

Q 

(0, 6) 

16 20 (21) 

281*2 

it- a, 5) 

78-62 (6) 

562-8 

R* 

(1. 7) 

16 67 (22) 

275*7 

R (1,5) 

79 30 (7) 

555*0 

R 

(1, 7) 

1691 (22) 

272*8 

q v a, 6) 

80-20 (7) 

545-0 

Q 

(1,7) 

17 37 (23) 

267*4 

Q (1,5) 

87-01 (12) 

468*6 

R‘ 

(2, 8) 

24 64 (27) 

182*3 

R' (2, 6) 

87-75 (13) 

460*3 j 

Q‘ 

(2, 8)) 

25 14 (28) 

176*4 

R (2,6) 



& R 

(2,8)| 

25 73 (28) 

169*5 

Q (2,0) 

88-52 (13) 

45i*7 ; 

Q 

(2,8) 

34‘66 (38) 

065*6 

R* (3, 7) 

97-03 (16) 

356*7 

R‘ 

(3,9) 

35-21 (29) 

059*2 

R (3, 7) 

97 58 (16) 

350*6 

Q’ 

(3,9) 

35-70 (29) 

053*5 

Q (3,7) 

97-81 (17l 

348*0 i 

R 

(3, 9) 

40 00 (10) 

003*7 

R‘ (0, 5) 

98-37 (18) 

341*8 

Q 

(3, 9) 

40-56 (11) 

33997*2 

R (0,5) 

3004-29 (2) 

276*2 

R 

(0,7) 

41-10 (10) 

9910 

Q‘ (0, 5) 

05-60 (2) 

261*6 

1 Q 

(0. 7) 

41'64 (11) 

984*7 

Q (0,6) 

11-35 (4) 

198*0 

R 

(1, 8) 

4714 (13) 

921*3 

R* (1,6) 

12-30 (4) 

1 _ 

187*6 

Q 

(1,8) 
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Table I —( continued). 


A (in air) and 
intensity. 

v (in vacuo). 

Classification. 

i 

A (in air) and 
intensity. 

v (in vacuo). 

Classification. 

8018'80 (7) 

331161 

R‘ (2, 9) 

3030-03 (8) 

32990*1 

Q 

(3,10) 

19’66 (8) 

106*7 

Q* (2, 9) | 

43*81 (2) 

844*0 

R 

(1,9) 



& R (2, 9) ] 

44-83 (2) 

833*0 

Q 

(1, 9) 

20*61 (8) 

097*4 

Q (2,9) 

52-03 (6) 

755*6 

R 

(2.10) 

28*80 (6) 

0068 

R* (3, 10) 

52-93 (6) 

745*7 

Q 

(2, 10) 

29*42 (6) 

000*0 

Q % (3, 10) 

62-02 (6) 

648*7 

R 

(3,11) 

29*72 (8) 

82996*8 

R (8,10) 

6271 (7) 

641*4 

Q 

(3,11) 


Table II. 

0 —C Values of Q Heads. 



o-c 

(cm l ) 

o', r" 

0-0 

(cm -1 ) 

o', ®" 

O-C 

(cm -1 ) 

2,0 

0*9 


-1*4 

1.8 

-1*7 

1,0 

0*3 


-0*1 

2,9 

-1*0 

2.1 

0*9 

3,6 

-0*3 

3,10 

—0*4 

3,2 

1*5 

0,4 

-1*5 

1,9 

-1*8 

0,0 

o-i 

1,5 

-1*1 

2,10 

-0*7 

i,i 

0-5 

2,6 

-0*3 

3,11 

0*2 

2,2 

1*2 

3,7 

-0*7 

... 

... 

0,1 

0*2 

0,5 

1 

o 

CD 

... 

• •• 

1.2 

—0*9 

1,6 

-0-6 

... 

IM 

2,3 

0*3 

2,7 

-1*0 

... 

... 

3,4 

0*1 

8,8 

—0*6 

... 


0,2 

-0*2 

0,6 

-0*9 

... 

... 

1.3 

-0*4 

1 7 

-1*5 


... 

2,4 

-0*4 

2,8 

-1*2 

**\ 

... 

8,6 

-0*1 

3,9 

-0*7 

• •• 

... 

0,3 

-1*0 

0,7 

-1*9 

• •• 

... 


9 
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The wave numbers calculated from equation (1) are in close 
agreement with their observed values. The differences between 
the observed and calculated values for the Q heads are collected in 
Table II. For the thirty-eight heads, algebraical mean deviation 
is —0‘5cm' 1 . 

5. Separation of R and Q Heads. 

The spectrum of AlBr exhibits very clearly the nature of 
variation of the interval between R and Q heads of bands with in¬ 
creasing values of v or v". This is shown in v, v" scheme in 
Table III. As one would expect normally for a band system 
degraded towards the red and having 3 B' > B", the observed 
RQ interval 7 increases with increasing v" (v constant) and with 
diminishing v (v" constant). 


Table III. 
R Q interval. 


v '\ v " 

0 

1 

2 

3 

4 



n 

8 

9 

10 

11 

0 

6*0 

71 

8*7 

113 

12*0 

12-6 

13-5 

14*6 

i 

... 

... 

... 

1 

39 

4*8 

5‘6 

6*3 

7*2 

8*3 

8*9 

10*0 

10*4 

11*0 

... 

... 

2 

1*9 

3*1 

4*1 

4-8 

5‘9 

6*5 

6-9 

7*0 

8*6 

9‘3 

9*9 

... 

3 

’ 

— 

2‘0 

... 

31 

41 

4‘9 

5*7 

5’9 

6*2 

87 

7*3 


6. The Isotope Bands. 

With the dispersion used the isotope bands lying only on 
the longer wave-length side of the system-origin are discernible. 
The bands due to the heavier molecule, AlBr 81 , are displaced from 
those of the lighter one, viz., AlBr ”, in the direction of the 
system-origin in accordance with the theory of isotope effect. 

To confirm the identity of the emitting molecule and the 
assignment of vibrational quantum numbers to the bands, it is of 
importance to compare the observed displacements of the bands of 
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the heavier molecule with those calculated from theory. To a 
fair degree of approximation, the vibrational isotopic displace¬ 
ment, ^ v, of a v', v" band can be evaluated from the following 
equation: 8 

= V \v',v")~ V,t )”) 

■= (p— 1) jw'y (®'+i) “ “"y (»" + i) | ••• (2) 

where the superscript i refers to the heavier molecule. o) y and 
ct>"„ are the half-intervals between two alternate levels of the 
lighter molecule. The constant, p, is given by 

P = V fi/fi* ... ... (3) 

where p and p. are the reduced masses of the two isotopic mole¬ 
cules. It Mj, Ml and M 2 represent the masses of the atoms 
concerned, then 


= M, Mg _ and , = , M{ Mg_ 
^ Mj+M a ^ M{+M 2 


... (4) 


In the case of AlBr, we have 

Mj = 78-93 (Br 7!) ) 

MJ = 80-93 (Br 81 ) 
and M 2 = 26 97 (Al), 

on the scale of 0 = 16, so that /> = 0*99637 and p — 1= — 0’00363. 

* In should be noted, however, that the values of ^v calcu¬ 
lated according to equation (2) represent only the vibrational 
displacements. Strictly speaking they should be corrected for 
rotational displacements for an accurate comparison with the 
observed values. But the following considerations would show 
that these corrections are well within the limits- of experimental 
error in the present case. The Q heads being rather close to the 
band-origins, are practically unaffected by the rotational effect. 
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But the R' heads are displaced towards the origin of the respec¬ 
tive bands by amounts nearly proportional to the interval between 
their R and Q heads. The amount of displacement is given 
approximately by 2 (p— 1) (v^ — vq). In the case of the bands 
under consideration, it is nearly one three-hundredth of the RQ 
interval given in Table III. Hence the observed isotopic dis¬ 
placements for the R heads may be compared with the calculated 
vibrational displacements without any serious error. 

The observed isotopic separations are given in Table IV. 
They represent in each case the mean of the measured intervals 
R’ R and Q‘ Q when both have been observed ; when only one 
has been measured, the tabulated ^v is followed by the letter R or 
Q as the case may be. It will be seen that the agreement between 
the calculated and observed displacements is very close for nearly 
all the bands. 

Table IV. 


Isotopic displacements. 



A y 
(calc.) 

A* 

(obs.) 


Av 

(calc.) 

Av 

(obs.) 

8,8 

j +1*7 

+ 1*5 

! 

1,6 

+ 6*8 

+ 6*6 

1.2 

1*9 

1*9 

2,6 

6*2 

6*9 (R) 

2,8 

2-4 

2*1 

8,7 

6*8 

6'4(R) 

8,4 

8-0 

3-0 

0,6 

6*7 

6*4 

0,2 

2*8 

2*7 

1,6 

7*0 

6*6 

1.8 

8*2 

3*0 

2,7 

7*6 

7*4 

9,4 

3-7 

3-5 

8,8 

8*0 

7*6 

8,5 

4-3 

4*1 

1,7 

8*3 

7*8 (R) 

0,8 

41 

4*1 

2,8 

8*7 

8-4 

1.4 

4*6 

4*2 

8,9 

9*2 

8*7 

2,5 

4*9 

4*5 

2,9 

9-9 

9*4 

8,6 

6*5 

5*0 

8,10 

10*4 

10*0 

0,4 

5*4 

6*0 


Mt 

... 
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7. Distribution of Intensities. 

Numbers representing the order of intensities on a scale of 
40 are given in parentheses after the wave-lengths in the first 
column of Table I. They have been obtained from uncorrected 
ordinates of the micro-photometric trace and are not therefore 
proportional to the intensity. They enable us, however, to esti¬ 
mate the intensities on a more finely divided scale than any eye- 
estimates and allow a more accurate correlation of widely 
separated bands. The intensity distribution among the Q heads 
is shown in a Deslandres scheme in Table V. It will be seen 
that the locus of the stronger bands is a parabola with (0, 0) 
band at the vertex. Along each horizontal row there are two 
intensity maxima in accordance with the prediction of Franck- 
Condon theory 0 that in general for a given vibrational level, t, 
in the upper state, there are two preferred vibrational levels, v" 
in the lower state of the band system. 


Table V* 

Intensity distribution of Q heads 



6 


8 9 10 


3jT~38^35 28 18 11 6 2 X XX 

37\ 37 37^37 29 23 M 7 4 2 X 

16 3fev 35 35 J6vK 28 21 13 8 6 

X 26 34^29 32 33^3^29 23 18 8 


It 

X 

X 

X 

7 


It is further noticed that in general the intensities of the 
heads associated with the lighter and heavier molecules, viz., 
AlBr 79 and AlBr 81 for a given v', v" value are equal in accordance 
with the known abundance ratio of the bromine isotopes (1:1). 
Only in a few cases their intensities are slightly different from 
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one another. Such discrepancies are, however, not unusual in 
emission bands in which the relation between the abundance 
ratio and intensity ratio is a complicated one. It has in fact 
been observed that the intensity of the isotopic bands changes not 
only from one condition of excitation to another but also from 
band to band. 


8. Predissociation. 

A striking feature of the spectrum is the limitation of the 
number of ^/'-progressions owing to an unexpected sharp cut off 
of the intensity of the bands in each sequence above v = 3. This 
is in common with some of the band systems of the halides of the 
metals of the third group of the periodic table. No bands with 
i/>10 appear in the spectrum of A1C1. 8 The 0 system of 
gallium 4 and of indium 5 chloride also exhibits such an abrupt 
termination of the band progressions. As an explanation of this 
phenomenon, Kaplan 10 suggested that in such cases the U : r 
curve for the upper electronic state of the band system is crossed 
by that of an unstable Heitler-London level repulsive in natures 
A strong inter-combination with the latter either prevents the 
excitation of the higher vibrational states or if they are excited, 
it quenches them. Thus predissociation sets in and accounts for 
the failure of the band system to agree with the Franck-Condon 
theory. 

In the present case one may, therefore, reasonably infer that 
the U : r curve of a Heitler-London level crosses that of the upper 
electronic state of the band system at a point just above the 
energy corresponding to v = 3 and having a vibrational energy, 
D'g^O'IBrfc'Ol volts. Assuming further that the lower state is 
derived from a normal Al-atom (3 2 Pj ) and an excited Br-atom 
(5 2 Pii), the nature of the atoms which combine to form the 
Heitler-London level may be ascertained by evaluating Eatom. 

Within the limits of experimental error, the relation between 

and #" is linear for the lower state of the band system, so 
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that the actual dissociation energy, D", can be approximately 
determined by the extrapolation method of Birge and Sponer. 11 
This is found to be 3'37 volts. B mo i. corresponding to Q (0, 0) 
is 4*42 volts. Hence E ttt0 m evaluated from the relation, viz., 
Efttom =E mo ,.+ D'—D", is 1‘23 volts. From the analysis of the 
line spectrum of normal bromine atom, the interval between 
— 5 2 Pij is 1*25 volts. 12 It is, therefore, probable that 
the dissociation products of the Heitler-London level are a 3 2 P j- 
atom of aluminium and a 5 2 Dij-atom of bromine. 

It may here be noted that from the difference between the 
dissociation energies of the upper and lower states of the band 
system of A1C1, Holst s was led to infer that in the excited state 
the molecule has a heteropolar binding and dissociates into an 
A1 + and a Cl “ atom. The electron affinity of chlorine calculated 
from the data derived from the band analysis is in fair agreement 



Fig. 2 

Potential energy curves. 
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with the value determined recently by Snipping. 18 It is, there¬ 
fore, of interest to ascertain the nature of binding of AlBr in its 
excited state. The value of the actual dissociation energy, D', 
which is, however, very uncertain owing to long extrapolation, is 
O'28 db ‘01 volts. The electron affinity of bromine calculated 
from the data of D', D", E mo i and I (A]) , is 4*63 volts whereas 
Knipping’s value is 3'66-3'00 volts. This discrepancy is large 
enough to allow any definite conclusion. On the other hand, 
E atom calculated in the usual way is found to be 1’33 volts and is 
in better agreement with the interval 5 2 D°2j — 5 2 Pij, which is 
1'40 volts. 12 

To illustrate the interpretation of predissociation in the band 
system under consideration, it was thought desirable to draw the 
U : r curves of the different states. For this purpose the value 
of r e for AlBr was approximately estimated from that of A1C1 by 
applying the relationship which exists between the nuclear 
separations of HC1 and HBr. 

The author wishes to express sincere thanks to Prof. Dr. P. 
N. Gfhosh for offering all the facilities to carry out this investi¬ 
gation. 
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Abstract. 

The ratio of angular momentum to magnetic moment of the elementary 
carriers of ferromagnetism in a number of ferrites is determined by the 
resonance method due to Einstein and de Haas. The ' g ’ value (Landd 
factor) falls below the orthodox value of 2 for all cases by about 3 p.c. which 
is outside the limits of experimental error. The result may be explained 
on the assumption that the 1-moment also contributes to ferromagnetism. 

1. Introduction. 

An electron of charge e and mass m moving in a circular 
orbit of radius r about the positive nucleus of an atom, has a 
magnetic moment M.=irnei s and an angular momentum 
J=2 t mini 3 where n is the number of revolutions per second. 
The ratio R= J/M=-2w/e*=l'136. lO -7 . 1 This ratio of angular 
momentum to magnetic moment also holds in the general case 
of an elliptic orbit. It has been shown from various sources that 
the elementary magnets consist of such electrons. A mechani¬ 
cal moment is thus always associated with a magnetic moment, 
and when the magnetisation of a body is suddenly changed, there 
will appear an angular momentum in the direction of this change 

• Bead before the Inaugural Meeting of the Indian Physical Society on 29th September 
1934, 

1 With the latest spectroscopic value of e/m. 
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I 

owing to the electronic magnets tending to turn their axes in 
the direction of the applied field. Now, according to the law 
of conservation of angular momentum, the angular momentum 
of an isolated system always remains constant. A reactional 
mechanical force, therefore, appears, to compensate for the 
change in the intrinsic angular momentum, and causes a rota¬ 
tional motion of the body as a whole, provided the molecules 
are not free to turn owing to the presence of neighbouring 
molecules. 

This rotational motion accompanying sudden change in 
magnetisation was first predicted by Richardson. 2 He, however, 
failed to detect the effect experimentally. Einstein and de 
Haas 3 first succeeded in detecting the effect and confirmed the 
above ratio forR=*J/M. Later Beck, 4 finding in it a method 
of determining e/m and the sign of the rotating electron, made 
a very careful observation, and found that for iron and nickel 
the ratio is not 2 m/e, but half the value. Later investigators 
confirmed Beck’s results. 

This discrepancy between theoretical and observed values 
was called the gyromagnetic anomaly, and could not be success¬ 
fully explained till the advent of the spinning electron. For an 
electron spinning about its axis and with no orbital motion the 
ratio is given as m/e. In his attempt to explain the magnetic 
properties of the ions of the first transition group, Bose 8 sug¬ 
gested that the /-moments of the electrons were inoperative. 
This exclusion which means that the spin alone is effective in 
producing magnetic properties, gives the value of the ratio as 
m/e and thus explains the gyromagnetic anomaly. 

It follows from the above result that it is the spin of the elec¬ 
tron which plays the role of elementary magnets in ferromagnetics. 

* Richardson, Phys. Rev., Vol. 26, p. 248 (1908). 

8 Einstein and de Haas, Verb. d. DeuU Phys. Gess., Vol. 17, p. 152 (1915); Do., 18, 
p. 178 (1916). 

4 Beek, Ann. d. Phys., 60, 109 (1919); Phys. Zeit., 20, 490 (1919). 

1 Bose, Zeit. f. Phys., Vol. 48, p. 864 (1927). 
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On the other hand, all the ferromagnetics on which 
gyromagnetic test has been made are metallic conductors and 
possess two kinds of electrons of which the spin can participate 
in magnetic phenomena. They are the so-called free electrons 
carrying electric current, and the electrons attached to metallic 
ions and moving in orbits about the atoms. The question now 
is which of these two kinds of electrons play the elementary 
r61e. No decisive answer can be obtained from theoretical 
points of view. 

From Heisenberg’s well-known work on the origin of the' 
Weiss molecular field it appears that ferromagnetism is caused 
by interaction between the spins of valence electrons 6 which 
also function as conducting electrons in some incomprehensible 
way. Heisenberg based his calculations on a model correspond¬ 
ing to Heitler and London’s model for the hydrogen molecule, 
in which each electron is at first thought to be bound to a 
definite atom. Such a model gives a very small probability for 
electrical conduction. Bloch 7 bases his considerations on the 
model of Sommerfeld’s free electrons, which gives electrical 
conduction and he finds the conditions under which it is pos¬ 
sible for such a model to give rise to ferromagnetism. A 
necessary but not sufficient condition for this is that the electro¬ 
static energy of the electrons shall exceed the null-point energy. 
When there is one free electron eq per atom, the atom-rest forming 
a closed configuration, and when the temperature is below the 
critical degeneracy temperature, the above condition requires 
that the side of the unit cell a >0'6. 10“ 7 cm. This is not 
fulfilled for the alkali metals, which are not ferromagnetic. 
Bloch shows that it is quite possible for free electrons to give 
rise to ferromagnetism. Stoner, 8 however, shows that if ferro¬ 
magnetism were due to free electrons, the Curie point would 

• Heisenberg considers the electrons to be in 8 states; Zeit. f. Phys., Vol. 49, p. 619 
(1928). 

7 Bloch) Zeit. f. Phys., Vol. 62, p. 666 (1928). 

8 Stoner, Proc. Leeds. Phil. Soc., Vol. 2, p. 60 (1930). 
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have to be higher than the critical temperature of Sommerfeld’s 
conduction theory, and this would require absurdly high 
temperatures. 

Dorfman 9 at one time tried to prove that the magnetic 
electrons are the conducting electrons, while Ghosh 10 showed 
that all conducting electrons are not magnetic. Dorfman arrived 
at his conclusion by studying the magnitude of the sudden change 
at Curie point of the electrical specific heat of nickel ; but, as 
shown later by Stoner 11 his results are marred by an error in 
sign, which invalidates the whole conclusion. 12 Others 18 
showed that for nickel there is a sudden change in the secondary 
emission of electrons at the Curie point. 11 All these facts make 
one inclined to think that “free” electrons play an important 
r61e in ferromagnetic phenomena. But from the theory of 
metallic states developed by Bloch, Peierls, Brillouin, Wilson 
and others 16 it is clear that too sharp a distinction cannot 
be made between “free” electrons and electrons in atoms 
or ions in the metal. We have mentioned that Heisenberg’s 
theory requires the interacting electrons to be in S states. 
But Van Vleck 16 shows that in order that Heisenberg’s con¬ 
siderations may apply it is only necessary to suppose that the 
orbital moment of the electrons in question has been quenched. 


Dorfman and Jaanug, Zeit. f. Phys., Vol. 54, p. 277 (1929). 

10 Ghosh, Zeifc. f. Phys., Vol. 68, p. 566 (1931). 

U Stoner, Nature, p. 125, 1930. 

10 Nevertheless, the significance of Dorfman's work seems still to be Bhrouded in mystery. 
Thomson Effect cannot be understood by an elementary hypothesis of a specific heat of 
electricity, as has been done by both Dorfman and Stoner. The facts are much more com¬ 
plex, and a detailed theory in Lorentz or Sommerfeld’s form requires a very minute consi¬ 
deration of a number of factors. (See N. H. Frank, Zeit. f. Phys., 63, 604,1930). It is 
found difficult to establish a relation between Thomson effect and specific heat of electrons. 
(See L. Brillouin, Report of the Bolvay Congress, 1931. Gauthier Villars p. 267.) 

1* Tartakowsky and Kudr jawzewa, Zeit. f. Phys., Vol. 75, p. 137, (1932). 

14 The facts observed by Dorfman and collaborators may be due to secondary processes 
connected with changes at Curie point. 

i* Erg. d. ex. Naturwiss., Vol. 11, p. 264 (1932). 

Wilson, Proc. Roy. Boc. Vol. 133, p. 458 (1981), and subsequent papers. 

11 Theory of Electric and Magnetic Susceptibilities, p. 324. 
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The mechanism of this quenching has been explained by him 17 
and is due to the effect of an internal asymmetric electrical field. 
This theory has been applied by Van Vleck and his collaborators M 
to explain the paramagnetic properties of the salts of the iron 
and rare earth families. Their works in conjunction with other 
considerations 19 lead us to assume that the electrons of which the 
interaction is responsible for ferromagnetism are those belong¬ 
ing to the incomplete * d ’ shell of the atoms. Paramagnetic 
phenomena 20 show that though most of the orbital moment is 
quenched there is still an amount left. The counterpart of this 
in ferromagnetic phenomena is claimed to have been observed by 
Barnett 21 who finds that the * g ’ value for the ferromagnetic ele¬ 
ments is less than the ideal value for the spinning electron by 
amounts varying from 4% for iron to 1% for cobalt. This is in 
direct contradiction with the results of British physicists 21 who 
find p=2 (the value for the spinning electron) exactly, within 
very narrow limits of experimental error. Barnett’s value may 
be explained as due to a participation of the /-moment in ferro¬ 
magnetic phenomena. Stoner 23 has put forth evidence to prove 
that the /-moment does participate in ferromagnetic phenomena, 
at the least near about the Curie point. In consideration of 
these facts, viz., (i) Barnett’s low value of ‘ g,’ and ( ii ) the possi¬ 
bility of participation of an /-moment, we have set ourselves to 
gather as many data as possible for the gyromagnetic ratio of 
ferromagnetic substances both near to and away from their Curie 
points. As almost all gyromagnetic measurements have been 
made on the metals we have started with ferromagnetic 


»' Ibid, p. 287. 

18 Penney and Schlapp, Phys. Rev., 42,,666 (1932). 

Jordahl, Phys. Rev., Vol. 42, p. 901 (1932). 
it Sea e. g., Slater, Phys. Rev., 35, 509 (1930); Stoner, Phil. Mh*j., 15, 1018 (1932). 

*0 Boee, foe. cit .; Van Vleck and Collaborators, foe . at. 

11 Barnett, Proc. Ainer. Acad., Vol. 66, p. 273 (1931). 

*t See references to Chattock, Bates and Sncksmith; Proc. Roy. Soc. and Phil, Trans. 
Stoner, Phil. Mag., Vol. 12, p. 787 (1931), 
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compounds like Fe,0 8 , Fe 8 0 4 and the ferrites, some of which 
are reported to have low Curie points. 

Moreover, the ferromagnetic behaviour of these compounds 84 
is different in many respects from that of the metals. They, 
therefore, offer possibilities of an interesting study. 

The following is a description of the gyromagnetic test made 
on some of these compounds. 

2. Theory of the Method. 

Owing to the rather low magnetic susceptibility of the 
materials we had to adopt the resonance method of Einstein and 
de Haas. The substance, contained in a thin-walled cylindrical 
tube, is axially hung by means of a glass fibre in a strong 
magnetic field produced by a cylindrical coil. A sudden reversal 
of the direction of magnetisation produces a torque on the speci¬ 
men, which shows a slight rotation. There are disturbing forces 

H (t) The curves in reduced co ordinates of the spontaneous magnetisation againBt 
temperature of different ferromagnetics may be grouped into two classes* one comprising the 
metala Fe, Co, Ni and the other the compounds magnetite, pyrrhotite, etc. 

(it) The paramagnetic moments above the Curie point of the metals are always much 
higher than the ferromagnetic moments, while for the ferrites they are practically the 
same. The following figures are given by Mile. Serres, Th&se, Strasbourg, 1931. 



Fe 

Co 

Ni 

FejC>3 

NiO.Fe 203 

CuO.FejOs 

Para-Mom. 

(in Weiss magnetons) 

16*0 

l£fO 

8*0 

9 

5*2 

6*4 

Ferro-Mom. 

(in Weiss magnetons) 

11-0 

9*0 

3*0 

10 

6*5 

5*4 


(tit) The ferromagnetic Curie point (0/) of the first group lies lower than the paramagne¬ 
tic Curie point (0,), while for the second group the two are very close together or 0 P lies 
lower than 0/. See Forrer., Jour. de. Phys , Serie 7, 62, 312 (1931.) 


Fe 

Ni 

Pb 0 .Fe 203 

CuO.Fej 03 

Ni 0 .Fe 203 

MgO.FejOs 

770*C 

357 

442 

455 

590 

339 

810 

378 

453 

438 

597 

324 


The above figures are taken from Serres* work (1 oc. cit ). Some 0/ and 0 P values 
for ferritea are given by the present author in a succeeding paper to appear in the Ind. Jour. 
Phye. 
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which often completely mask this effect. To eliminate these and 
to make measurement of the very small rotation possible a reson¬ 
ance method is employed in which the period of reversal of the 
current in the magnetising coil coincides with the natural period 
of torsional oscillation of the specimen. The equation of motion 
of a suspended system acted on by a couple is 

I0+v0+C0=T 


[where 1= moment-of inertia of the system; 
v= a damping factor; 

C = torsion constant of the suspension ; 
T= turning moment 



2m dH , 

~ ' x 0 Id' where 


x =mass susceptibility of the specimen. 
m„=mass of the specimen. 

H = strength of the magnetic field.] 

The current-time form of the magnetising current is not 
sinusoidal, but can be repesented by 
n=<x 

H = S H 0 Sin ntof. 
n = l 

As the measurements are taken at resonance, it is easy to show 
that only the fundamental is effective, which for a perfect square 
wave has the magnitude 

- H„ Sin u>/. 

7T 

T=— . . x m o — . H 0 w cos w<. 

gen 

The resonance amplitude 

a _4 2m l x m « Ho 

UH. -- ~~ f - - 

n e g v 
2IA 


But 
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where X = logarithmic decrement, being given by X = log, 

- 1 , where a, and a 2 are two successive amplitudes in the same 
°a 

direction ; and t — time period of oscillation of the system. 

The method, therefore, consists in measuring the resonance 
amplitude when the disturbing forces have been reduced to a 
minimum. 

3. Arrangement and Apparatus. 

The experimental arrangement is very nearly the same as 
that used by Sucksmith. 25 



Fig. 1. 

M Sooksmith, Proc. Roy. Soc.(A), Vol. 128, p. 270 (1980). 
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(i) Magnetic Field. 

The magnetic field is produced by a cylindrical coil MC 
(Fig. 1) of 26 layers with a total of 3,341 turns of No. 14 
S.W.G. double cotton covered copper wire wound on a brass 
former. The mean diameter of the coil is about 23 cm. and 
the length about 30 cm. Field produced at the centre is 110*0 
gauss per ampere. The coil was surrounded by a jacket J of 
thin brass sheet and was kept cool by circulating oil around it. 
Current was taken from a storage battery of 144 volts, each 
unit of which had a capacity of 150 ampere-hours. 

(ii) Preparation of the Material. 

Fe 8 0 4 —Welo’s method 29 of preparation was used. To a 
solution of FeS0 4 .7 H a O was added a solution of NaOH and 
KN0 8 of given concentration. The green precipitate was allowed 
to stand for 24 hours when it became black. It was carefully 
washed, dried and powdered. Analysis gave 98'5% J of Fe„0 4 . 

Fe a 0 8 —Heating the above compound at 220°C in a stream 
of oxygen for 12 hours converted it into ferromagnetic Fe a O„. 
Analysis gave 99'3'°/o of Fe a Oa- 

NiO.Fe a Og—To a solution containing equimolecular propor¬ 
tions of NiCl a and FeCl g was added a solution containing re¬ 
quisite quantity of NaOH in boiling. The precipitate was 
washed, dried and heated to a high temperature to get a ferro¬ 
magnetic of sufficient intensity. 

The ferrites of Mn, Cu, Co and Zn were prepared by the 
dry method. The metallic oxide and paramagnetic ferric oxide 
were taken in requisite proportions and heated in an electric 
furnace to about 1000°C. in a platinum vessel for about 20 hours. 

The material under test was finely powdered in an agate 
mortar, after which a part was taken for susceptibility measure¬ 
ment, while another was used to fill a very thin-walled glass 

# Welo, Phil. M»g., Vol. 60, p. 899 (1925). 

12 
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tube of length about 6 cm. and diameters varying between 1*4 and 
2'2 mm. The thickness of the walls was from *04 to ‘06 mm. 
This glass tube filled with the material forms the specimen 
to be tested. 


(Hi)' Suspension. 

This offered a problem; but finally Chattock and Bates’ 97 
method was adopted. V’s (V, Fig. 2) and hooks (H, Fig. 2) 
of glass, as shown in the figures, were prepared. This prepara¬ 
tion offered some difficulty as the usual method of bending over 
heated platinum wires proved unsuitable for the rather thicker 
V’s and hooks which was necessary for the purpose. After 
some practice it was found possible to make good specimens by 
careful manipulation over a small flame. The junction 
(S, Fig. 2) between the V and hook was filled with shellac. 
The arms of the V were inside the tube (T). The suspending 
glass fibre was attached with shellac. At the top the fibre was 
fixed at two places at a distance of about 2 cm, the lower one 
of which was melted to enable the fibre to keep taught under 
the weight of the specimen. 



Fig. 2. 


* Phil. Trans., 238, 267 (1922). 
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A thin mirror (2 mm.x3 mm.) (M, Fig. 2) was attached to 
the bottom of the glass tube containing the material. The 
incident light reached the mirror from the bottom of the coil by 
reflection at two mirrors (Mj and M 2 , Fig. 1) inclined at 45°, 
and went out the same way. The source of light was a 6 volt 
25 watt lamp producing an intense illumination. A thin wire 
stretched before the source was focussed on a ground glass scale 
by means of a lens (L, Fig. 1) attached to the wall of the wider 
glass tube (G, Fig. 1) containing the specimen. The distance 
between scale and mirror was over one metre. 

(iv) Mounting. 

The specimen was mounted in a glass tube (G, Fig. 1) 
of 1J" inner diameter, closed at both ends and provided with a 
ground joint (J a Fig. 1) which helped in the repeated taking 
off and examination of the specimen (S, Fig. 1) and could also 
give the specimen a slight rotation when necessary. A side 
tube (T, Fig. 1) below the ground joint was connected with a 
pump. The whole thing was mounted on an wooden stand 
(WS, Fig. 1) provided with levelling screws (L„ Fig. 1) and 
the stand placed on an isolated pillar (P, Fig. 1) whose founda¬ 
tion was 12 feet deep. A wooden frame (F, Fig. 1) spanned 
the pillar, and on this waB placed the magnetising coil, which 
was provided with levelling screws (L 2 , Fig. 1). 

(v) System for producing Resonance. 

The pendulum of an electrical clock was removed and re¬ 
placed by one (P A Fig. 3) with adjustable time period. The 
range of variation obtained was from 1'6 to 3‘0 secs. A stiff 
wire (W), attached to the pendulum rod just closed a circuit 
when the pendulum was at rest, by contact with a cup of 
mercury (M), the cup being placed on a stand provided with 
levelling screws. For one-half the period the circuit was closed, 
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and for the other half open. The current in this circuit 
actuated an electromagnet (E M) which again closed another 
relay circuit by drawing a piece of soft iron (I) attached to one 
arm of a polarising relay. When the electromagnet was not 
in action, the loaded arm closed^another circuit by contact with 
a mercury pool. 



These two circuits on their parts actuated two electro¬ 
magnets (E 1£ E 2 , Figs. 3 and 4) placed in the field of a 
strong permanent magnet (PM, Fig. 4). These were so made 
and mounted that while one exerted a clockwise turning couple 
on a horizontal rod (R, Fig. 4) which carried them both, the 
other exerted an opposite one. To this rod was attached the 
rocker (Q of a commutator whose conductors (Cj, C 2 ) were cross- 
connected. The commutator was of a special design there being 
two channels (L x , L a ), 9" X1" X1" in the place of the usual four 
mercury cups, and served the purpose of reversing the current 
in the magnetising coil. This arrangement for producing 
resonance is essentially the same as used by Sucksmith. Later 
on the relay was done away with, and the current worked by 
the pendulum actuated an electromagnet which turned the 
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rocker of the commutator against the pull of a spring. To 
minimise sparking all the mercury surfaces were covered with 
light oil and sometimes with glycerine and in all the circuits 
the minimum potential applied. It was found that with these 
precautions all the contacts worked regularly for the period 
necessary. 



To test how far the synchronisation has been perfect a 
mirror and a long focus lens was attached to the pendulum rod, 
which served to reflect and focus the light from a distant source 
on the same scale on which the light from the mirror of specimen 
under test fell. This spot of light moved with the motion of 
the pendulum and synchronisation could be tested easily. 

4. Disturbing Effects. 

There are disturbing effects whose magnitudes may be 
hundred to thousand times greater than the effect to be measured, 
or even more. Their nature as also the method of elimination 
are given below. 


(i) Error due to Earth’s Field : 

The earth’s magnetic field has three components : 

(i) The north-south horizontal component. 

(it) The east-west horizontal component. 

(in) The vertical component. 
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The compensations are more difficult than they appear to 
be, because the earth’s field is continually varying both in direc¬ 
tion and magnitude and because the work had to be done in a 
building which contains iron and, therefore, disturbs the unifor¬ 
mity of the field. 

' The first harmonics of the vertical and horizontal magnetic 
moments of the specimen may be assumed to be 

M, =M' sin wt, sin (wt— a) 

(a) The induced horizontal component of the magnetisa¬ 
tion of the specimen may be acted on by the earth’s horizontal 
component H„ and produce an axial torque whose magnitude 
is given by 

T A = CH e , M a = C' sin (wt-d) 

If the torsion head is turned through 180° this torque is 
reversed. 

(b) The specimen may have a permanent horizontal mag¬ 
netic moment ,M fc which when acted on by the earth’s horizontal 
field produces a steady displacement of zero. 

(c) The earth’s vertical component may produce mangeto- 
strictive torques of which we shall speak later on. 

(ii) Errors due to Horizontal Component of the Field 
of the Magnetising Coil: 

Id) ,M* {see (6) above} may be acted on by it and produce 
a torque which will nearly be in phase with M„, and we may put 
it as 

T 0 = C" sin (<ot + /3) 

where j8 is small. This may be eliminated by turning the 
torsion head through 180° when the torque is reversed. It is 
often of considerable magnitude and special care has to be taken 
to reduce both the magnitudes, ,M* and the horizontal component 
of the field-coil. 
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(e) The alternating held acting on the induced horizontal 
moment produces a torque of twice the natural frequency. 

(Hi) Errors due to Inequality of Half-cycles of the 
Magnetising Current. 

(/) When the two half cycles are unequal there is a 
residual torque on the specimen of the same frequency. This 
may have any phase relation with the gyromagnetic torque, and 
may be written 

T'=K ain («t + v) 

(iv) Effects due to Magnetostriction, etc. 

Since the change in dimension due to magnetostriction is 
independent of the direction of magnetisation, no magnetostric- 
tive torque of the same period as that of the first harmonic of 
the magnetisation can arise if the two half cycles of magnetisa¬ 
tion are exactly similar. When the half cycles are dissimilar or 
when there is a residual vertical magnetic moment there will be 
an elongation w ith a first harmonic of the period of the magneti¬ 
sation. The error due to the presence of a residual vertical 
moment may be eliminated by working with fields capable of 
producing saturation. 


5. Elimination of errors. 

(i) Error due to Earth’s Horizontal Field. 

The specimen usually had a horizontal magnetic moment 
which caused a lot of trouble, and required the greatest atten¬ 
tion. To eliminate the action of the earth’s field, it was neutra¬ 
lised by a current flowing through two rectangular coils S' X Of at 
a distance apart of about 20". The coils had 82 turns each and 
required a current of about ‘54 ampere for neutralisation. The 
degree of perfectness of neutralisation was tested by a small 
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magnet suspended by a Bilk fibre. As the east-west component 
of the field was small it could be neutralised by a slight rotation 
of the coils. While working it was found that the direction of 
the field underwent small changes at times. Instead of altering 
the position of the rectangular coils it was found more con¬ 
venient to add two coils of 5 turns each placed parallel to the 
magnetic meridian at a distance of 22". Current through this 
coil could be adjusted to perfect neutralisation.® 8 

(ii) Error due to Horizontal Component of 
the Magnetising Coil. 

The magnetising coil was provided with three levelling 
screws with which the field could be adjusted to the vertical. 
But as long as the horizontal moment of the specimen was appre¬ 
ciable the disturbance due to even a very small horizontal field 
was great. It was, therefore, imperative to bring down the 



18 As the earth’s magnetic field underwent changes both in magnitude and direction it 
was k useless to work with a value of the neutralising field obtained at any one time. But 
the knowledge of such a value is essential as indicating the order of such values. The 
actual procedure adopted was to vary the north-south component of the neutralising field till 
a minimum value is obtained for the resonance amplitude, and with that value of the field 
to vary thajtrength of the east-west component till a second minimum for the resonance 
amplitude is observed. 
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horizontal moment of the specimen to the lowest value possible. 
This was done as follows : 28 

The specimen (M)' was laid down on two metal V grooves 
(Vi, V*, Fig. 5). To the base on which these V’s stood were 
attached two steel strips (S u S 2 ) one of which coulcl be moved 
horizontally and the other vertically by means of two screws 
(Ti), (T a ) with a small pitch (32 turns to the inch). To the 
heads of these screws were attached arms about five inches long 
(not shown in the figure), so that the steel edges could be 
adjusted to a few thousandths of a millimetre. After the speci¬ 
men is laid on. the grooves, the screws are adjusted so that the 
steel edges just touch the hook (H) to which the specimen is 
attached. There is a small heating coil (H C) below the point 
where the hook is attached to the V. A small current is sent 
which is sufficient to soften the shellac in the joint. The screws 
are moved by small amounts at a time after the shellac has 
softened. This moves the point of suspension relative to the 
specimen. After the shellac has solidified the specimen is taken 
and suspended in a horizontal magnetic field of about 60 gauss 
supplied by a vertical coil which could be rotated about a 
vertical axis. The magnitude and direction of the horizontal 
moment of the specimen could be judged from the direc¬ 
tion and degree of deflection resulting. 80 The adjustment 

19 The method is similar to that used by Chattock and Bates, (Phil. Trans., 223, 
267, 1922). 

The presence of a horizontal moment is due to the magnetic axis of the specimen not 
coinciding with the axis of suspension. The procedure adopted is to make them identical. 

The magnetic axis is generally not identical with the geometrical axis. The correction 
for horizontal moment, therefore, raises the moment of inertia of the specimen. This may 
be seen from the calculated and observed values of the moment of inertia for the specimen. 

30 Whenever such a horizontal magnetic field is applied the necessary co-ercive field is 
also subsequently applied to eliminate the effect of the first field. The magnitude of the 
co-ercive field depends on (0 nature of the substance, (ti) density of packing and (m) the 
intensity of the field first applied. The correct value for the co-ercive field is determined 
while making the susceptibility measurements. 

By co-ercive field is here meant the reverse field which after application and removal 
leaves aero residual moment. 

13 
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is to be carried to such a degree that for two positions of the 
coil inclined at 90° to each other there is practically no deflec¬ 
tion of the specimen. This requires that the specimen should 
always be laid down in the identical position relative to the 
V’s and the steel strips. To ensure this the mirror attached to 
the specimen is always made to reflect the light from a distant 
source at a definite spot both being fixed relative to the V’s. 

It is found that for zero horizontal moment of the specimen 
the geometrical asymmetry is not generally appreciably large. 

(Hi) Asymmetry in the Alternating Current. 

It is necessary that the duration of the current in the coil 
in both directions shall be the same, as any want of symmetry 
will have the frequency of the pendulum and will make itself 
felt at resonance. To check this the current through the coil 
was passed through a voltameter and the gas liberated at the 
two electrodes was collected. When the current was symme¬ 
trical the volumes of the gas in the two tubes were the same. 
In practice it was found that such a method took time. The 
water voltameter was, therefore, removed and replaced by a 
siphon recorder. The current while passing through one of the 
small electromagnets of the recorder, pulled a pieee of soft iron 
to which was attached a nib. The continuous line left on the 
recording paper was thus marked by transverse lines correspond¬ 
ing to the reversals in the current. The adjustment was made 
by means of levelling screws with which the mercury cup 
(M, Fig. 3) in which dipped the rod from the pendulum, was 
provided. This mercury surface jvas also covered with oil. 

(it)) Mechanical Disturbances. 

Traffic in the street often caused a vibratory motion of the 
specimen to be set up, which was more troublesome while 
working in vacuum. Though the isolated pillar mounting 
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reduced this effect greatly, it was found that regular working 
could only be obtained between 1 a.m. and 5 a.m. in the night 
when ajl traffic had stopped. 

(v) Heating Effect of th# Coil. 

A current of 4 amps, sent through the coil raises the 
temperature of the bath at the rate of 2°C per hour. A thermo¬ 
couple inserted at the position occupied by the specimen within 
the glass tube records a rise of temperature of 0 , 2°C per hour. 
It may, therefore, safely be concluded that temperature changes 
due to heating effect of magnetising current produces no appre¬ 
ciable effect on the specimen. 

(vi) Form of the Magnetising Current. 

This was investigated with an oscillograph. The time taken 
by the current to change from maximum in one direction to 
maximum in the other, was a minimum and corresponded to 
that required by the self-induction of the coil. This duration 
was less than ttV of the average time period of the specimens used 
in the experiment. Sucksmith (Proc. Roy. Soc., 128, 276, 
1930) has shown that even when this duration is 3' 5% of 
the time period, the departure from square wave form does not 
introduce a correction in the const. - (see p. 389) by more 
than 0T % . .We, therefore, neglected this correction. 

6. Procedure.- 

The field within the rhagnetising coil was explored and 
standardised. The susceptibility of the material is determined 
for values of the field strength which are to be used as also for 
different densities of packing. A suitable 'thin-walled tube 
having been found, it is filled with the material. The mirror 
is attached to the bottom as much possibly axially to keep the 
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moment of inertia lowest. To the mirror is attached a very 
small hook which helps to measure the moment of inertia of 
the specimen. A suspension fibre is so chosen that the 
period of torsional oscillation of the specimen falls within the 
range of periods of which the pendulum is capable, viz.-, 1*6 to 
3*0 secs, in our case. The specimen is suspended in a horizon¬ 
tal magnetic field of 60 gauss and adjusted for zero horizontal 
moment (see page 399). The moment of inertia of the specimen 
is determined by loading it with small aluminium discs of known 
moment of inertia. The correct value of the earth’s field 
neutralising current having been previously obtained, the 
specimen is put in position and the reflecting mirrors adjust¬ 
ed. The pendulum is then synchronised with the free period 
of the specimen after fully exhausting the system. The applied 
field is adjusted to the vertical by means of levelling screws with 
which the coil is provided. This adjustment is better tested 
by using a specimen with a horizontal magnetic moment. As 
long as the coil has a horizontal component the period of oscil¬ 
lation of the specimen with a steady field acting will be different 
from its natural period. The levelling screws are adjusted till 
the two periods are the same, the test being made by the pendu¬ 
lum. Accurate centring 81 of the specimen is extremely neces¬ 
sary to avoid pendulum like oscillations of the specimen as a 
whole as also oscillations about its centre of gravity. When the 
adjustment is complete the specimen shows no appreciable motion 
when the current through the coil is put on or reversed. The 
duration of the current through the coil in either direction 
is adjusted to be the same by means of levelling screws with 
which the mercury cup (M, Fig. 3) in the pendulum relay 

81 For this purpose the frame carrying the glass tube containing the specimen, was 
provided with an arrangement by means of which it could be moved in two mutually per¬ 
pendicular directions. The motion was given by a screw with a big head and a small pitch. 
(This arrangement has not been shown in the figure.) Thus the axis of suspension 
of the specimen could be made to coincide with the axis of the magnetising coil. To make 
the centres of the coil and the specimen coincide the latter was moved up or down with the 
help of the glass rod from which it was suspended. 
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circuit is provided. All these adjustments being complete, 
the pendulum is started and the magnetising current put on. 
Sufficient time is allowed to pdss for the resonance amplitude 
to attain 98$# its maximum value, and the amplitudes noted 
every half a minute for a run extending from 20 minutes to 
half an hour. The earth’s field neutralising current is slightly 
altered by small steps at a time (see page 398) and the corres¬ 
ponding resonance amplitude noted. There is a critical value 
of this current for which the amplitude is a minimum. 
This critical value is not a fixed one, but changes from day 
to day and time to time, though the change is slight 
and lies within ±'01 ampere of the value for perfect neutrali¬ 
sation which has been fixed previous to mounting the specimen. 
For higher and lower values of the neutralising current the 
amplitude increased. Variations of temperature from day to 
day affects the viscosity of the material of the suspension fibre, 
glass in this case, and the time period of the specimen changes 
slightly. It is then necessary to alter the period of the pendulum 
and readjust it. Sometimes this temperature effect causes 
mpre trouble, the time period showing a marked change in a 
period of 2 hours. The most consistent results are obtained 
on those nights when the temperature shows no sudden and 
large change. Any possible departure of the field from the 
vertical is tested by slight alterations of levelling screws of the 
coil and noting the effect on the amplitude. In all cases the 
minimum amplitude 82 is sought. After one series of readings 
the specimen is turned through 180° and another series of 
readings taken. 

When working in vacuum the pump is started after 
resonance has been obtained at atmospheric pressure. This is 


31 Tbe reason for this is that all the disturbing torques are in quadrature with the 
gyromagnetic torque. The former oan, therefore, only increase the amplitude duo to the 
latter alone. Fide Suoksmith, Proc. Boy. Boo. 128, 276, 1080. 
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convenient for the fact that at times there are irregular vibrations 
at the start, which die away more quickly at higher pressures. 
At the end of the observations the logarithmic decrement is noted 
with the field on. 


7. Measurement. 

(i) Fidd Strength. 

This was measured by means of a ballistic galvanometer 
which has been standardised by a coil of known dimensions. The 
exploring coil was wound on a piece of copper rod of about the 
same diameter as the specimens, viz., 2 mm. and had a length 
of 6 cm., the same as that of the specimens. This was placed in 
about the same position as was later on occupied by the specimen. 
The average value of the field over the specimen was thus 
obtained, and was 109'4 gauss per ampere. A small coil also 
explored the field axially. The results are given in the Table. 83 


Table. 


Distance from the 

Field Strength in 

Centre of the Coil. 

gauss. 

0 cm. 

110*0 

3 „ 

108*5 

6 „ 

105*7 

10 „ 

90*4 


S3 The value of the field at any point as also the average value over the specimen when 
the latter is placed at the centre of the magnetising coil, may be computed from the known 
dimensions and the number of turns of the coil. The value thus obtained is about 0*8% 
higher than the value obtained experimentally. We prefer the latter to the computed value 
obtained because of the errors introduced by the rather large diameter of the copper wire 
used (No. 1443. W. G.). 
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(ii) Susceptibility of the Substance. 

The B-H curve of the substance was obtained by a magneto¬ 
meter method and from it the susceptibility for the field strength 
used was calculated. Details are given in a separate paper. 


(Hi) Moment of Inertia. 

This was measured in the usual way by loading the specimen 
with aluminium discs of known moment of inertia. A number 
of discs of values of moment of inertia varying from 16'14.10 -1 
to 31*66.10”* C.G.S. units were used. These were hung from 
the hook attached to the specimen by means of very short silk 
loops so that the axis of rotation passed centrally through the 
disc perpendicular to its axis. The position of the hook had to 
be slightly altered to secure this. The time period is a minimum 
when the adjustment is correct. 

The accuracy with which ‘ I ’ could be measured is manifested 
by the fact that with care any one of these discs gave the moment 
of inertia of any other within O'5 per cent. 


8,. ; Data. 

Results of measurement are given below in a tabulated form. 
Fos notations please turn to pp. 389 and 411. 


Detailed Data for one successful run k 

Material—Copper ferrite. (CuO. Fe a 0 8 ) 

Date and duration—26th June to 1st July, 1933. 
Diameter of glass tube for filling with material: 
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Diameters in mutually perpendicular directions at 
Top. Middle. Bottom. 

1-72 mm. 170 1*70 

1-70 „ 1-71 1-72 

Thickness of wall=‘04 mm. 

Length of tube filled« 6'6 cm. 

Weight of material ='3098. gm. 

Density of packing=2'25 gm/cm 8 . 

Determination of moment of inertia (I) 

Free period = 2'468 secs, (mean of 550 oscillations) 

Time period when loaded with aluminium} of moment of 
disc (A)=3'435 secs. C inertia«= 16'1 4 . 

j 10 -4 c.g.s.u. 

Time period with disc (B) (1=»22'3 4 .10~ 4 . c.g.s.u.) 

= 3'743 secs. 

Time period with disc (C) (I=24'9 6 .10“ 4 c.g.s.u.) 

=3'869 secs. 

I from (A), (B), (C) respectively=17'2 a .10~', 17‘l e .10“ and 

17'MO" 1 

Mean value of 1=17'Ij.lO -4 . c.g.s.u. 

Actual run: 

Free period = 2'468 secs. 

Magnetising current at start*=2’303 amps. 

„ }J „ end=2'302 amps. 

Resonance amplitude — 8' 19/2 cm. 

Resonance amplitude with 

specimen turned through 180° = 8'27/2 cm. 

Mean Resonance amplitude=8‘23/2 cm. 


I mean value 
f 1’71 mm. 
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Logarithmic Decrement (X). 


No. of Oscillations. 

Ratio of Amplitudes. 

Log ^/oj. 

25 

69/40 

*009468 

25 

90/52 

*009528 

25 

112/05 

'009452 

25 

122/71 

*009404 

25 

86/50 

*009420 

25 

138/80 

*009468 

25 

140/81 

•009504 

25 

81/47 

009456 

25 

98/54 

*009444 

25 

117/68 

009428 

25 

129/75 

*009420 

, 

25 

143/86 

*009445 

25 

126/73 

‘009484 

25 

100/58 

•009464 


A - 009465 X log e 10 - 03180. 


Mean, value «* *009465. 


Field strength-2’303X109-4 gauss-252-2 gauss. 


Magnetic susceptibility for this field strength and density of 
packing 2*25 gm/cm 8 --0824. 


Scale distance = 130*2 cm. 

* g' calculated from these data=1 "940. 

Here we have not considered the demagnetising factor, which 
reduces the field by 5 parts in 1000 in this instance. In the data 
which follow in pages 408-410 the demagnetising factor has 
different magnitudes in different cases. The total effect is in the 
direction of reducing the * g ’ value by amounts varying between 
1 part in 1000 and 5 parts in 1000 in rare cases. 

14 
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•3416 ’0161 2734 2'348 1318 192, -0236a 1*81 l" 967 ) Do. 

•8416 ’0161 274 2 2-348 1318 19-2a -0284* 1-64 1-941J Setting on different d*y». 












410 


D, P. RAY 



OuO.FeA -3098 *0836 225*3 1*946 130*2 17*0s *0225g 5*78 1*923) 

(Copper ferrite.) H Same setting. Measurements on 
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9. The Estimation of Probable Error. 

(i) Errors in Reading. 

Measurements of quite a number of different quantities are 
involved in the determination of g by the method here adopted. 
They are: the mass of the material (ra), the moment of inertia of 
the specimen (I), time period of oscillation of the specimen (t) 
the magnetic susceptibility (x)> logarithmic decrement (X), field 
strength (H), distance between scale and mirror (D) and the 
deflection on the scale ( d ). The probable error in the measure¬ 
ment of each of the above quantities is given below : 

Probable error in %. 
m 006 

I 06 

t 0 06 

X 0-6 

A 0-6 

H 0*1 

D 0-1 

d 02 

Prom the above it follows that even if all the component 
errors are in the same direction the total probable error is 2'0%. 
The departure from the mean of the final values of g is, with only 
one exception (viz., second set of readings in Pe 8 0 4 ), less than 
this value. 

Fe 8 0 4 was the substance with which the experiment began, 
and it was not possible to attain the degree of accuracy as ob¬ 
tained later. This makes itself particularly felt in the small 
values of ‘ d ’ which, for the smallest values, may be in error by 
as much aB 1% . Considering these larger probable errors in ‘ d - 
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the total probable error for Fe 8 0 4 is placed at 3’0'9/d. For FejO, 
similar considerations lead to a maximum probable error of about 
2‘5 %. For the rest what is said earlier holds good. 

For niokel, manganese, copper and zinc ferrites the values 
obtained for g differ from the orthodox value for the spinning 
electron by more than the experimental error, the g values ob¬ 
tained being lower than 2. The individual g values for all these 
ferrites are less than 2 in all cases, while for Fe 8 0 4 and Fe 2 0 8 
only three and one, out of eight readings each, are higher than 2. 
After duly weighing all the results the author is of opinion that 
for Fes0 4 and Fe 2 0 8 also the g values do differ from that of the 
spinning electron. 

( ii ) Errors due to Adjustment. 

The possibility of a systematic error is discounted by the 
fact that the sources of error mentioned in pp. 395-97 have been 
attended to properly and the elimination made by taking the 
readings in two azimuths by turning the specimen through 180°. 
The only possible source of error not considered is that due to 
magnetostrictive effects and non-compensation of the earth’s 
vertical field. The first has a harmonic of the natural frequency 
of the specimen only when the two half cycles of magnetisation 
current are unequal. But we have taken special care to make 
the two cycles equal. The only error may arise from the earth’s 
vertical field ; but thiB only when there is a residual vertical 
magnetisation. At no time was the specimens subjected to a 
vertical field outside the coil except that of the earth. Moreover, 
we took special care to make the axis of suspension of the speci¬ 
men pass through the magnetic axis. Under such circumstances 
it is hard to believe that an error can arise from the earth’s verti¬ 
cal field. In addition, nickel ferrite is characterised by a very 
low value of remanent magnetisation. The possibility of a 
large permanent vertical magnetisation is in this case, therefore, 
to be discounted. 
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10. Summary and Discussion of Results. 

The results of the above experiments show that the value of 
the gyromagnetic ratio for the substances investigated, substances 
which are poor conductors of electricity, is a few per cent smaller 
than the orthodox value for the spinning electron. This shows 
that though electron spin supplies the majority of the interaction 
causing ferromagnetism, there are also other contributing factors 
to consider. One of them may be a participation of the 1-moment 
(the orbital moment,). This is in agreement with the observa¬ 
tions of Barnett. 


Summary. 

(1) The ratio of angular momentum to magnetic moment 
of the elementary carriers of ferromagnetism in the following 
substances is determined by the method of resonance due to 
Einstein and de Haas : 

(i) Fe 3 0 4 , m Ni0.Fe 9 0 3 , (v) Mn0.Fe 9 0 3 , 

(if) Fe 9 0 3 . (to) Cu0.Fe 2 0 3 . (vi) 2Zn0.8Fe 9 0 3 . 

(2) The g and R values with the probable error are given 
below:— 

9 B Probable’ Error. 


F e 3 0 4 

1-96 

1-02™- 

e 

3% 

Fe 9 0 3 

1-96 

102 

2-5% 

Ni0.Fe 9 0 3 

1-94 

1-03 „ 

2% 

n0.Fe 9 0 3 

1-94 

1*08 ,, 

2% 

u0.Fe 9 0 3 

1-94 

1*08 „ 

2% 

in0.8Fe 9 0 3 

1-92 

1-04 „ 

2* 
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(3) It is concluded that g is in each case less than 2 (the 
value for the spinning electron). The difference may be explain- 
ed as due to participation of an i-moment. 

(4) The value of g for all the substances is very nearly the 
same as that for pure iron as found by Barnett, showing that it is 
principally the Fe +3 —Fe +3 interaction that gives most of the 
ferromagnetism in these cases. 

My heartiest thanks are due to Prof. D. M. Bose who kindly 
suggested this problem, gave me every facility to work in his 
laboratory, and took a constant interest during its progress. 


UmVBBSITY CoAjBGB of Soibnob, 
92, Uppbb Circular Road, 
Calcutta. 



The Late Dr. Ganesh Prasad 

We regret to announce the death of Dr. Ganesh Prasad 
one of the oldest Life Members and a Vice-President of the Indian 
Association for the Cultivation of Science on Sunday, March 
10th at the age of 59. At the time of his death Dr. Prasad 
held the chair of the Hardinge Professor of Mathematics of the 
University of Calcutta. 

Dr. Prasad studied in Cambridge and Gottingen and was a 
favourite pupil of the famous mathematician Prof. Felix Klein. 
He was the pioneer mathematical investigator in India and his 
first original contribution on the treatment of the problem of 
heat conduction elicited admiration even from Klein. His work 
on the theory of potential of ellipsoids with non-uniform distri¬ 
bution of mass in which he utilised the happy idea of expansion 
of arbitrary functions in series of spherical harmonics, has found 
place in standard text-books, the latest being that of Bateman’s 
well-known work on Differential Equations. Dr. Prasad is 
the author of several well-written text-books for students and 
of a number of volumes embodying his own researches on theory 
of summation of Fourier Series. 

Having lost his wife and only child in early youth and 
left alone in the world with none to call his own, he found con¬ 
solation in his mathematical studies. He was easily approachable 
by his students and by strangers and was loved by all who came 
in contact with him. He lived the life of a true brahmachari 
refusing himself the commonest luxuries and at times even the 
barest necessities of life which practically hastened his end. 

A public meeting in honour of his memory was held at the 
Association Hall on Tuesday the 9th April, 1935, at 6 p.m. 
Dr. L. L. Fermor, D.Sc., F.R.S., President of the National 
Institute of Sciences presided over the meeting which w'as 
attended by a good number of friends, colleagues, admirers and 
pupils of the late professor. The president paid tributes to 
Dr. Prasad, and recalled bis various activities, particularly his 
work in the Academy Committee appointed by the Indian Science 
Congress to take necessary steps for bringing the National 
Institute of Sciences into existence. He was also a foundation 
fellow of the National Institute, and the president recalled that 
an important paper was read by him in the first meeting of the 
Institute. The president expressed his desire that some friend 
or colleague of Dr. Prasad should take upon himself the task of 
arranging the publication of that work in’the transactions of 
the National Institute. 

Dr. S. C. Bagchi, Prof. N. C. Roy, Mr. Panchanan Ghose 
and Mr. S. C. Ghosh also spoke dwelling upon the various aspects 
of the achievements, activities and personality of Dr. Prasad. 
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Magnetometric Measurement of Susceptibility of 
Ferro-magnetic Powders.* 

By 

D. P. Raychaudhuri. 

(Received for publication, 25th April, 1935). 

Abstract. 

Description is given of a convenient magnetometric method for the 
measurement of the susceptibility of ferromagnetics in a powdered form. 
Results of measurements on some ferrites are also given. Under certain 
circumstances the phenomenon of magnetic viscosity is observed for nickel 
ferrite. 

In connection with gyromagnetic experiments on some fer¬ 
rites, which are available only in a powdered form, it was 
necessary to measure the magnetic suspectibility of specimens 
formed by filling a thin walled glass tube about 6 cm long and 
from 1*4 to 2 mm in diameter under the exact conditions of the 
experiment. 

It was found that unlike case of ferromagnetics obtainable 
in the form of rods or wires, a definite value cannot be assigned 
to magnetic constants like maximum permeability, coercive field 
etc., in the case of ferromagnetics in the form of a powder. 
The size and shape of the grains, the density of packing, as also 


* Bead before the Indian Physical Society on 24tb April, 1985. 

15 
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previous magnetic history, play an important role for the latter; 
and so also the shape of the specimen as a whole. In experi¬ 
ments where the magnetic susceptibility values x of such 
substances are required, a very cautious procedure is to be 
adopted, as otherwise the final results may very largely be 
vitiated by the uncertainty of these x values. For rather 
loosely packed specimens the magnetometric and the ballistic 
methods generally give different values of x* In the following 
a magnetometric method due to Bozorth 1 is described by which 
X values for thin cylindrical specimens may very conveniently 
be determined under conditions exactly similar to those of 
the main experiment. Some results of measurements are also 
given. 

Two parallel magnets of equal moment and opposite direc¬ 
tion, about 6 cm apart, form an astatic pair, which may be 
used even under unfavourable laboratory conditions. The speci¬ 
men is so placed that both of its induced poles produce upon the 
suspended magnetic system equal torques in the same sense 
about the axis of suspension. 

The adjoining Fig. 1 is a diagram of the magnetometer 
with its electrical connections. The magnets are made of thin 
steel strips 6 mm x 2 mm x0'4 mm. They are made to have 
almost the same magnetic moment and are attached to the ends 
of a light but rigid frame provided with oil damping. The 
suspension fibre is of glass. The magnetising solenoids, 25 cm 
long and 7 cm in diameter are placed with axes vertical on 
opposite sides of the needle system. The axis of suspension of 
the needle system lie in the same vertical plane, the needle sys¬ 
tem lying exactly midway between tne solenoids. These latter 
are mounted on bases capable of motion towards or away from 
the needles along horizontal rails fixed to the walls. The 
carrier for the needle system is also fixed. The solenoids have 


Bozorth, Jour t Opt, Soc. Amer. X0 t 59 (1925), 
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the same dimensions and number of turns £ and are so connected 
in series as to exert equal and opposite torques on the needles. 
In one of the solenoids is placed the specimen accurately 
centred. 


ng—needles of magneto¬ 
meter. 


MjMj— magnetising coil 
and compensator. 

S—Specimen. 

CS—-Compensating coil 
for S. 


D—Oil damping. 
AiAj—Ammeters. 



Fig. 1. 

For purposes of measurement a current is sent through the 
magnetising solenoids, which are then adjusted so as to give no 
deflection of the needles. The zero is checked each time the 
magnetising current is altered. The deflections are read with a 
scale and telescope arrangement. Susceptibility is obtained by 
comparison with a small solenoid having the same dimensions 
as the specimen, hung exactly at the same place, of known 
number of turns and with a known current flowing through it. 
Current is measured with a potentiometer and a standard cell. 
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Calculation of constants. 

The average magnetic field over the specimen may be cal¬ 
culated in the ordinary way from the dimension of the magne¬ 
tising coil and the length of the specimen. Let 

21 =length of the solenoid. 

r u * 2 » r=the inner,, outer and average radii of the solenoid 
respectively. 

n =number of turns of the solenoid. 
d= length of the specimen. 

The coil may be considered as an infinite solenoid with two 

magnetic poles±-j^-at the two end surfaces, (a =area of the 

end). The field at an axial distance from the middle of the 
coil is 

H=0'4n7i:‘— ^ f . ■ - 1 - , +- - -1 

io 1 JTTxF ( {_ x)2 J 


This expression on averaging over the length of the specimen 
gives 


H=0-4ffni 



2r 2 

4J 2 -d 2 


which on averaging again over the radial thickness gives 
H-0-4™. [l-l r L 8+ - r » r2 + r » 2 1 

L 4 J 

This is the expression for the average magnetic field over the 
specimen. 

The balancing coil may be considered as a long thin solenoid, 
the effect of a single layer of which on the astatic system is the 
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same as that of a magnet of pole strength 

imil P 9 

<y*7 — __ __£__ 

9 10 ' (l 3 + p 2 )l 

where 21 = length of the coil and p its radius, and polar 
distance 


For multiple layer 


7r nil & 


10 


P*n 


and L = i_Pn^P_ + Pm 8 ) . 


T (i*+ P j )i 
i 


S p m 2 
1 


the summation extending over all the layers, p in number. 

Let the effect of the specimen at the needle be approximat¬ 
ed by a pair of poles m' 0 at a mutual distance of 2 1' 0 . Under 
the condition of the experiment the horizontal field produced at 
the needles by m 0 and m’ 0 are equal. If l„ = 1' 0 then m 0 =m o . 
In such a case the intensity of magnetisation of the specimen 
Jr=m./A where A “cross sectional area of the cylindrical 
specimen. 

The value of 1' 0 is uncertain and changes with the intensity 
of magnetisation. The error due to it is minimised by placing 
the specimen at a distance from the needle where the torque 
exerted is a maximum, the dimensions being so chosen as to 
give a flat maximum. At the position of maximum torque the 
rate of change of torque with change of position of pole is zero, 
while for positions near by the change of torque is very small. 
The position for the specimen was calculated* for different di- 


s Bozorth, loo • ciU 
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mensions of the needles and their distance apart so as to give 
a flat maximum. 

The effect of the compensating solenoid at the specimen 
was calculated and taken account of. 

The above instrument was used for measuring the magnetic 
susceptibility of a number of ferrites in connection with gyro- 
magnetic tests made on them. The ferrites of Mn, Co, Cu and 
Zn were prepared by Holgerson’s dry method in which the 
oxides are taken in the requisite proportion and heated to a high 
temperature for a sufficient length of time. In our case the 
temperature was about 1000°C and duration of heating 20 hours. 
FesO* and NiO.Fe 2 O e were prepared by the wet method. 



I. CaO. FejOj, p-2*65 

II. Fej03 , P-1-42 

III. MnO. Fe 2 03 , P— 2*45 

IV. F«,0 4 , P-1-08 

V. NiO. FejOj , p-142 

VI. 2ZnO, FejOj , p-2’48 
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It is found that x depends on quite a large number of 
factors. Higher temperature and longer heating raises the value 
of x- After a sample has been prepared the effective \ depends 
on the size of particles and density of packing. For tight 
packing particle size has lesser effect. Different samples 
prepared by the same wet process do not give identical values of 



Fig. 3, 


I. Fej0 3 , 

II. Fe 3 0 4 , 

III. Fej0 3 , 

IV. CuO. FejOs» 

V. CuO. FcgOj t 

VI. Fe 3 0 4 , 


P«l*67 (H. & W.) 
P-1-73 „ 

P~ 1-42 (D. R.) 

P-3*02 (H. ft W.) 
P-8-65 (D. R.) 
P-1-08 „ 


Vn. Fc 3 0 4 , P-1-68 (W. A; B.) 

Virr. Fe 3 0 4 , P-1-07 „ 

IX. MnO. Fe 3 0 3 , p-2‘45 (D. R.) 

X. NiO. Fej0 3 , p— 1*42 „ 

(4 hrs. beating at 500°C) 

XI. 2ZnO. SFeA , p-2*48 (D. R.) 


p—packing density. 

H. ft W.-HerouD and Wilson, Proc. Roy. Soc., 41 ,100 (1928). 
W» ft B. —Welo and Baridich, Phys. Rev., 25, 58 (1925). 

D. R. = This author. 


X even when the details of the process and other conditions 
remain the same. Generally there are small variations due 
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apparently to undetermined causes. The larger the size of the 
microcrystals formed on precipitation and the higher the tem¬ 
perature of precipitation, the higher is x generally. 

For the purpose of gyromagnetic experiments the substance, 
finely powdered in an agate mortar, was packed to different 
degrees of tightness in a thin-walled copper tube about 2 mm 
in diameter and 6'5 cm in length. The value corresponding 
to the packing density of the specimen used in the gyromagnetic 
experiment could be found from these data by interpolation. 

The results of some of the measurements are represented 
graphically in the adjoining figures. Some of the results of 
other authors are incorporated for comparison. 

An observation made on nickel ferrite may be mentioned. 
This substance was investigated at different stages of formation. 
When heated to 550°G for 4 hours, the maximum x value 
attained was about '034. When this powder was taken in a tube 
of diameter 8 mm it showed magnetic viscosity for all degrees of 
packing. The same phenomenon was not observed when it was 
heated to a higher temperature, or when the diameter of the 
specimen was much smaller, say, 2 mm. The connection bet¬ 
ween magnetic viscosity and the formation of microcrystals is 
being further investigated. 

In finding x the demagnetising factor N was taken to be 
constant, and equal to that for a long thin ellipsoid of ratio of 
axes = 65 :2. Owing to the small value of intensity of magneti¬ 
sation this produces no perceptible error. 


University College op Science : 
Calcutta. 
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On the Formation and the Magnetic 
Properties of some Ferrites.* 

By 

D. P. Baychaudhuri. 

(Received for publication, 25th April x 1935). 

Abstract. 

It is shown that the magnetic properties of ferrites depend largely on 
their method of preparation. For the dry method the deciding factors are 
the duration of heating and the temperature. This leads to clearing of the 
disagreements among different observers. Some magnetic data are given 
for a number of ferrites. 

Ferrites have the general formula MeO. Fe 2 0 8 where Me is 
a bi-valent metal. Hilpert 1 has shown that the relative propor¬ 
tions of MeO and Fe 2 O s may be varied and new ferrites formed 
having the formula nMeO. mFe 2 0 3 where n and m are small 
integers. A number of the ferrites shows ferromagnetic proper¬ 
ties, while the others are paramagnetic. The structure is cubic 
(magnetite type) or hexagonal (haematite type), while some 
belong to an undetermined type. Attempts at correlating crystal 
structure and ferromagnetism 2 have not been successful, all of 
the cubic type and some amongst the other two showing 
ferromagnetism. 

There are three methods available for the preparation of 
the ferrites. 

(1) Heating the iron oxide with the base in requisite 
proportions to a high temperature preferably with addition 
of KOI. 8 


16 
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(2) Equimolecular proportions of salts of iron and some 
other element are taken and NaOH, KCIO or some other 
material added to precipitate the sesquioxide of iron and the 
oxide of the other. After dessication the hydroxides are cal¬ 
cined, when the compound becomes ferromagnetic. 

If instead of calcining the solution be kept for 12 hours 
in a sealed tube in an oil bath at 120°C, the precipitate becomes 
ferromagnetic. Further calcination does not appreciably 
increase the co-efficient of magnetisation. 4 

(3) Replacing Na in Na 2 0. Fe 2 0 8 with metal by heating 
the sodium ferrite and metallic chloride at high temperatures. 
Sodium ferrite is prepared by heating Fe 2 0 8 and Na 2 C0 8 in 
requisite proportions at high temperatures. 1 

Though all the three methods give the same compound 
the magnetisability of the products formed may differ 
considerably. Even the Curie points and the magneton numbers 
above the curie point show differences. This is due to the 
microcrystals and the crystalline aggregates not getting time and 
opportunity enough for their full growth. The present author 
has studied the effect of time and temperature of the magnetis¬ 
ability of the ferrites, some of the results of which are given 
below. 

Table 1. 


CoO.FejOs. 

x CoO =28 ' 8, 10 '® : x Fe s 0 3 =32 ' 6 - 10 ’ 6 - Field=600 Gauss. 


T°C 

Time of 
heating. 


Colour 

Bemarks. 

30 

... 


Blue 


800 

20 hours. 

56*6 

Blue as before 


900 

ii 

330 

Green 


950 

it 

1570 

Dull green 

Ferromagnetic 

980 

ii 

3098 

Dull green 

Do. 
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Table 2. 


ZnO. Fe 203 - 

x ZnO“ -'54- 10 ' 6 ; x Fe»Oj =82 5 ‘ 10 ” 6 ' Field=600 gangs 


Temp. 

Time of 
heating. 

X’lO 6 . 

Colour. 

Remarks. 

800 

20 hrs. 

147 

Brick 


880 

2 

171 

Darkening towards 





brown 


II 

8 .. 

263 



II 

16 „ 

378 



11 

20 „ 

466 

i i 

| 


950 

10 „ 

632 

Dark brown 

Attractable by magnet 

»» 

18 „ 

723 


Ferromagnetic 

1000 

5 „ 

1272 

Brownish black 

11 

)> 

10 „ 

4286 


>> 

If 

18 „ 

... 


Strongly ferromagnetic 


Above 950°C crystals grew larger in size and formed into 
lumps. .When rapidly cooled x wa3 lower than when slowly 
cooled. 

The formation of 2Zn0.3Fe 2 0 3 was also studied. The 
results are in general agreement with Hilpert’s. 1 20 hours 
heating at 600° C gave x = 1013.10 -6 , the material containing 
ferromagnetic particles attractable by a magnet. Two hours’ 
heating at the same temperature gave x = 214T0“°. 

The results of different investigators on the ferrite of zinc 
of composition Zn0.Fe 2 0 3 do not agree amongst themselves. 
Thus Forestier and Chaudron 5 find no discontinuity of magnetisa¬ 
tion with temperature. The curves are perfectly reproducible 
even after long heating at 1200°C. Value of x between 0 and 
100 gauss is 160.10 -0 . Forestier 2 states that the compound 
is paramagnetic Mile Senes 6 says that “ this is the only ferrite 
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known in the paramagnetic state alone. Even at liquid air 
temperatures it is not attractable by a magnet. This holds both 
for the product obtained by Chaudron and Forestier’s wet method 
and for the one obtained by Holgersson’s dry method. It 
behaves as a normal paramagnetic salt of iron obeying Curie- 
Weiss law between 0°C and 700°C with a Weiss magneton 
number of 24 and 25’5.” Against these Hilpert 1 observes that 
the substance obtained by the dry method at 1200°C is slightly 
ferromagnetic. Our data show that the compound obtained by 
heating the mixture of ZnO and Fe 2 0 8 above 900°C is ferro¬ 
magnetic. The intrinsic magnetisation-temperature curve shows 
that ZnO.Fe 2 O s has a Curie point of 522°C. Heat treatment 
changes its properties as shown below. 



Fig. 1. 


Corvee 1, 2 and 3 are shifted upwards with respect to 4 and 6. 
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Table 3. 

Paramagnetic Susceptibility Values. 


Before beating. 

After heating. 

I 

Temp. (0°C). 

x.io« 

Temp. (0*C) 

X . 10 » 

- 

589-5 

38*1 

543 

38-4 

615 

22*6 

617 

35-2 

639-7 

18*2 

638 

830 



672 

317 


In the ferromagnetic part of the curve heat treatment 
lowers the x values, the Curie point remaining unchanged. The 
Curie point of ZnO.Fea0 8 and 2Zn0.3Fe 2 0 8 are very nearly 
the same. 

Ferromagnetic x values of ZnO. Fe 2 0 3 before and after heat 
treatment. Field applied about 6,000 gauss. 


Table 4. 


Before heating. 

After heating. 

(Temp. (0*C) 

X. 10» 

(Temp. (0°c) 

X' 10« 

80 

548 

30 

290 

196 

858 

196 

134 

288 

267 

288 

92*2 

878 

195 

373 

70*6 

468 

106 

468 

66*0 


x’s in the paramagnetic region of the above compound are 
not quite independent of field strength. 
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Table 5. 


Temp. (0°C1. 

Eatio of x 

s. 

Eatio of field 
strengths. 

293 

1*00; 

*67 : 

•35 


470 

1*00 : 

*59 : 

*29 

1-00: *58; *28 

545 

1*00; 

•56 : 

*26 

(Maximum field about 
6,000 gauss) 

616 

1*00 : 

•65: 

*24 


In the above the magnetisation-temperature curve showed no dis¬ 
continuity at the Curie points of Fe 2 0 3 and iron. Hence ferro¬ 
magnetic Fe 2 0 3 or free iron was absent. 

The accompanying table gives the maximum value of x and 
the Curie point of a number of ferrites. Where possible X-ray 
data have also been included, x values show very large varia¬ 
tions, the maximum value observed by particular observers being 
given. 


Table 6. 


Compound. 

Curie point. (°C). 

Magnetisability. 

X-ray Structure. 

Na0.Fe20 3 

Much lower 

4 at liquid air 

Undetermined 

than -70° (1) 

temp. (1) (a) 

type (1) 

CaO.Fe^Os 

i7o (n 

1 (1) (a) 

Undetermined 

426 (6) 

X= -0426 (5) 

type (1) (2) 

SrO.FejOa 

420 (1) 

8 (1) (a) 

Hexagonal close pack 

i-i’ 8 < 2 > 

Undetermined 
type (1) 

BaO.FejOs 

435 (1) 

440 (5) 

10 (1) (a) 

X“ ‘0099 (5) 

Hexagonal close pack 

--1-8 (2) 

a 

Undetermined 
type (1) 


(a) The numbers are relative to the magnetisability of reduced iron powder which is 
taken as 1000. 
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Table 6 — Continued. 


Compound. 

Curie point. ( # C) | 

Magnetisability. 

X-ray Structure. 

ZnO.Fe203 

70 to 80 (1) 

No discontinuity of 
magnetisation with 
temp (5) 

0 r = 622 * 

! 

20-8 (1) (a) 1 

X = "00016 (6) 

X = "005 * 

Magnetite type (1) 

PbO.FeA 

320 (1) 1 

435 (5) 

Of = 442-2 (6) 

0„ = 463*1 (6) 

49 (1) (a) 
X=*"C012(6) 

Hexagonal close pack 

~ =1*8 
a 

Undetermined type (1) 

Cu0.Fe203 

450 (1) 

0/ = 455 (6) 

0 f =453 * 

0 P = 438*1 (6) 

0 P = 436 * 

30071) (a) 

X= *102 * 

X = 115(8) 

Magnetite (1) (2) 
a =* parameter = 8*44 

A° (7) 

Fe0.Fe203 

681 (6) 

0 f - 582 * 

460 (1) (a) 

x=n* 

X=12 (8) 

Cubic (7) 
a = 8"42 

Ni0.Fej03 

0/ = 59O (6) 

Of =591 * 

0 P = 697 (6) 

X — '078 * 

Cubic (7) 
a = 8*41 

Mn0.Fe 2 0 3 

0/ = 394 * 

X= "072 * 

Cubic (7) 
a = 8‘57 

Co0.Fe203 

0 r = 463 * 

X='07S * 

Cubic (7) 
a = 8*39 

MgO.FejOs 

0 f = 339 (6) 

0^ = 324*1 (6) 

315 (5) 

361*8 (6) 

X =• "035 (8) 

X="064 (6) 

Cubic (7) 
a-8*34 

Cd0.Fe203 

250 (6) 


Hexagonal close pack 

° =1*64 
a 

Face centred cube, 
a=8*45 (2) 
a=8*73 (7) 

F 62 O 3 

675 (5) 

690 (10) 

X* ’25 (9) 

X = ’13 (8) 
x=*n * 


2Zn0.8Fe203 

529 * 

X s3 *016 * 

Cubic (1) 


Of = Ferromagnetic Curie Point. 


0 P = Paramagnetic Curie Point. 

* Observed by the present author* 

University College op Science, 

92, Upper Circular Road, 

Calcutta. 
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Investigations in the Infra-Red.* 

Part I. Absorption Spectrum and Molecular 
Structure of Borates 

By 

M. K. Sen and A. K. Sen Gupta. 

(Received for publication, 1st May, 1935). 

Abstract. 

A study of the near infra-red absorption spectra of a few borates has 
been made in the region fyx-lo/i. The results are in agreement with the 
predictions of Cassie. The magnitude of the true force constant of the 
radical under investigation in comparison to that of C0 3 and N0 3 shows 
that the bond is not localised as in BC1 3 . The slightly positive value of 
true rigidity reveals further that its plane configuration is not due to 
repulsion of the oxygen ions alone and follows the central quantisation 
more closely than N0 3 or C0 3 radical. 

1 . Introduction. 

It is now well known that a radical or a molecule of the 
type X0 8 may possess either a pyramidal or a planar configura¬ 
tion, and has six vibrational degrees of freedom but only four 
distinct fundamental frequencies. One of these corresponds to 
oscillation of the X atom relative to the 0 8 triangle along the 


Read before the meeting of the Indian Physical Society on the 24th April, 1935. 
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line through the median point and normal to its plane. There 
are two fundamentals of double frequencies corresponding to the 
motion of the four atoms in the equilibrium plane. Another is 
due to simultaneous vibration of the three 0 atoms in phase 
towards or away from the X atom. This frequency plays an 
important role in deciding between the pyramidal and planar 
configurations. For a radical or molecule with the planar con¬ 
figuration it is inactive whereas in the case of a pyramidal one 
it is active. 

A planar configuration has been ascribed to the nitrates, 
carbonates as well as the borates from crystal lattice data. In 
the case of the first two radicals, support to this view has been 
obtained from a study of their infra-red and Raman spectra. 
Pauling 1 * * however suggested that these radicals are slightly 
pyramidal in structure and the apparent planar configuration is 
due to the vibration of the N or C nuclei through the oxygen 
plane. From a consideration of their rigidity Cassie a has shown 
that the nitrate radical has a greater tendency to become pyra¬ 
midal than the carbonate and that the plane configuration is 
maintained not through the central quantisation but through 
the repulsion of the oxygen ions. It is therefore, of interest to 
calculate the rigidity of BO g as well as its force constants which 
will indicate the type of link in the BO bond. For this purpose 
a study of the infra-red and Raman spectra of the radical has 
been considered to be desirable. 

The present paper deals with the infra-red investigations on 
a few inorganic borates. In view of the fact that the funda¬ 
mentals of the carbonate 8 and nitrate 4 radicals lie between 5/x to 
15/x, our observations are also confined to this region of the 
spectrum. Three fundamental frequencies have been located at 
7* 5/x, 11/x and 14/x. The fourth fundamental which from a 

1 Pauling, Jour. Amer. Ohem. Soc., Vol. 53, p. 1882 (1931). 

1 Cassie, Proc. Roy. Soc., “ A " Vol. 148, p. 87 (1985). 

8 Brester, Zeits. f. Phys. Vol. 24, p. 824"(1924.). 

4 Schafer and others, Zeits. fur. Phys. Vol. 45, p. 498 (1927). 
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comparison of the data for the above two radicals may be expected 
to be at about 9/x is definitely absent. This would correspond 
to the inactive fundamental frequency and would prove that the 
B0 8 radical has a planar configuration. The true rigidity of the 
radical as distinct from its strain rigidity is slightly positive. 
Hence its planar configuration is not due to repulsion of the 
oxygen ions alone and follows the central quantisation more 
closely than CO t and NO s . The evaluation of the true force 
constant reveals further that the bond is not localised as in BC1» 
investigated by Cassie ( loc . cit.). 


2. Experimental. 

The source of radiation is a linear Nernst filament. A steady 
current from a battery of 72 storage cells of 250 amp.-hours 
capacity has been used to heat the filament. The current 
through the filament is maintained at 0‘50 amps, with the help 
of a suitable resistance in series. 



Fig. 1. 

The general optical arrangement of the dispersive system is 
given in Fig. 3. This consists of three parts. The first part 
contains the condensing mirrors and the absorption chamber. 
Radiation from the source N after reflection at a plane mirror 
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Mj is focussed at A within the absorption chamber by the 
concave mirror M a . The beam then diverges and is again 
brought to a focus by the mirror M„, on the slit Sj which is the 
entrance slit of the prism spectrometer. The second part consists 
of the prism spectrometer which is a Leiss monochromator 
having a rock salt prism, two concave mirrors placed at right 
angles and a prism table with a Wadsworth mirror mounted on 
it and capable of rotation from outside by worm wheel and 
pinion. The scale on the drum is directly graduated in wave¬ 
lengths corresponding to rock salt prism. 

The second slit S 2 of the monochromator is the collimator 
slit of the grating spectrometer which constitutes the third part 
in the diagram. M 4 is a single long focus concave mirror func¬ 
tioning both as the collimator and telescope. The last mirror 
M 6 which is a plane one brings the focus to a convenient position 
for the thermopile T. The grating G is mounted on a gonio- 
metric table. In the present investigation, the grating spectro¬ 
meter has not however been used. 

A thermopile in conjunction with a Paschen galvanometer 
has been used for the detecting system and is of Hilger bismuth 
silver junction type. It has a symmetrical slit in its front and 
an eyepiece behind it. The latter along with a cross wire inserted 
in place of the pile is used for visual calibration. The Downing 
type Paschen galvanometer has a resistance of 13‘56 ohms and 
gives a deflection of 1600 mms. per microampere on a scale 
placed at a distance of 1 meter. The sensitivity of the galvano¬ 
meter can be varied by means of its control magnets. It has 
been made free from mechanical vibrations as far as possible 
by placing it on a concrete pillar on a foundation of about 9 ft. 
below the floor of the laboratory. Underneath the foundation 
there are shock absorbers consisting of 2 sheets of lead placed under 
5 sheets of India rubber. The annular space around the pillar is 
filled with sand. To overcome the electrical disturbances on the 
connecting wires they are enclosed in composition tubing carefully 
earthed: Even with this arrangement the galvanometer vibrates 
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due to outside mechanical disturbances such as the passing 
of a heavy vehicle in the neighbourhood. The observations had 
therefore to be taken in the calm hours of the night. 

The different sections of the apparatus are enclosed in 
separate boxes as indicated by dotted lines in Fig. 1. The Nernst 
filament with its asbestos housing is kept outside the chamber 
containing the absorption cells and the condensing mirrors. 
The enclosing chamber is provided with shutters to screen the 
rock salt prism from the influence of moist draughts while the 
instrument is not in operation. The box containing the grating 
spectrometer and the thermopile has its walls lined with asbestos. 
The open spaces are all packed with cotton wool to ensure a 
constancy of temperature inside. 

The absorption chamber has been designed to hold vertically 
a rock salt plate on one side of which a thin layer of the solid 
under investigation is spread in the form of fine powder. Previ¬ 
ous to this the rock salt plate is well ground and polished. To 
prevent moisture from depositing on the rock salt plates, the 
chamber, A is provided with a heater which consists of a small 
resistance coil carefully insulated. This enables us to maintain 
a slightly higher temperature than that of the room, the differ¬ 
ence being nearly 3°C. A similar precaution is also taken to 
keep the monochromator prism dry. Drying agents are also 
placed inside the boxes to ensure further that the general atmos¬ 
phere is free from moisture. 

As the drum of the monochromator is calibrated in wave¬ 
length scale, it is expected that wave-length of any monochro¬ 
matic radiation could be directly obtained, only if the prism is 
set ini its minimum deviation for any known radiation. The 
green and yellow lines of mercury have been used for this 
purpose. A further check on the accurate setting of the prism 
spectrometer was made by identifying the fundamental bands of 
BaCOg. 
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3. Experimental Results. 

Merck’s chemicals of extra pure quality were used in the 
investigation. Curves showing the absorption maxima for com¬ 
pounds are given in Fig. 2. It will be seen that in each case 
there are a number of absorption regions, some of which are 
evidently due to the presence of combination tones. In view of 
their intensities the mean band centres at 7‘5 p, 11 p and 14 p 
select themselves as the active fundamentals. From an analogy 
with C0 8 and N0 8 radicals they have been ascribed to v 2l and 
v a respectively,^ while the remaining fundamental v 4 which is 
optically inactive is assumed to lie at about 9 p. The band 
centres of the observed fundamentals for the different compounds 
are collected in Table I. 
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Table I. 


Compound. 

Bands. 

n (/*) 

n M 


Lithium Borate 

7‘6 

10*7 

14*0 

i 

Potassium Borate 

7*5 

10-9 

141 

Calcium Borate 

7*5 

11*0 

141 

Manganese Borate 

7*6 

10*8 

14*0 

Copper Borate 

7*5 

10-8 

14*2 

Lead Borate 

7*6 

11 -o 

141 


4. Evaluation of Force Constants. 

Formulae showing the relationships between the funda¬ 
mental frequencies and force constants of the X0 8 type radical 
or molecule have been given by Nielson 5 and later by Menzies.® 
It may here be pointed out that their results are not in agree¬ 
ment due probably to approximation involved in transforming 
the potential function, 

7 = F(r) + /(«) + F(r)(g 4 + g 5 + q e ) + + <7* + «*) +/'(«)(gi + q 2 + g 3 ) 

+hf"(a)(q*+ql+q ®) - ... ... (i) 

where r is the normal distance of X from 0 atom ; a, the length 
of the side of the triangle in the undisplaced state; q u q 2 and q 3 , 
the mutual displacements of 0 atoms in pairs; q if q s and q i} the 
relative displacements of the X and the 0 atoms. 

Menzies’ expression for the frequencies are 

Vl = <^ *" • "• ••• 


* Nielson, Phys. Rey., Vol. 82, p. 778 (1928). 

6 Meniies, Proo. Roy. Soc. 44 A,'* Vol. 184, p. 265 (1931). 
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V2 ’ 3 ‘“*23r m i[ m( 1 + ^) + (1 + So)] ± V [|/*(1 + W) + i(l + 3“)] 3 -£/« x 

[(l + 3a)(l + 1 8)-(l-/3)»] ... (8) 

v 4—ij~ /\/—V(l + 3 a ) ••• ••• ••• ••• W 

2ir V m 


, M + 3m 

where u= yj— 

r M 


(M is the mass of X atom; m, the mass of 0 atom) 


fc=F"(r); 



M F"(r) 


The value of F" is found out by eliminating a and j8 from 
equations (3) and (4) as follows :— 

[{( v | + Vg) 2 H v |-Vg). 2 }/*-y(v 2 /t-y)]A 3 -4/iyA + 4/t 8 = 0 ... (5) 

where y= f2(v 2 + v 2 )-v 2 ] 


Hence “ A ” can be evaluated by solving the above quad- 

ratio equation and is related to F" as A«= ■ ■ »- . Correspond- 

Jb 

ing to the two values of “A” we have F"=4‘3xl0 5 and 
l'8xl0 5 dynes/cm. Now substituting these values in equations 
(3) and (4) /" and F' are found to be as follows : 


/" 

F' 

dynes/cm. 

dynes. 

2-4 x 10 5 

1-9 x IO - 3 

3'4 x 10 5 

6-5xl0- 3 


On the other hand the value of F' corresponding to v x is 
2‘0X 10^ dynes. This shows that F' = 1 ‘9 X10 -8 dynes corres¬ 
ponds to the case when the planar configuration could be main¬ 
tained in the absence of repulsion between the atoms while 
F' = 5'6X10 _ ® dynes to the case when the repulsion alone 
simulates its plane configuration. 
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The force constant F" of any link calculated as above from 
the observed vibrational frequencies should be corrected for 
deviation from the minimum of the potential energy curve to 
give its true value. It may here be noted that the value of 


F" 



measures the curvature of the V :r curve for the link 


at its equilibrium separation and corresponds to the minimum in 
the curve for diatomic and non-closed triatomic molecules. But 
if the link is under strain as in the present case the equilibrium 
separation does not represent this minimum and the curvature 
measured by F" may be very different from that of the same link 
joining the same atoms in a diatomic molecule. The analytical 
expression for the potential energy curve of a diatomic molecule 
as given by Morse is 


F=De -2a(r-ro) -2De" 4(r “ ro) 


• • • 


( 6 ) 


where D is the energy of dissociation of the bond, r, the separa¬ 
tion of the nuclei at the position of the minimum potential and 

a=0’245v / M 0 a) 0 x in A -1 , o>o£ being the anharmonicity factor 


and M, 


Mm 

M+m 


Putting b=e~ a ^ r ~ r °* 

F/=-2aDb* + 2oDb ... (7) 

F''=4o*D6 *—2a»D6 ... (8) 

For r=r # the true force constant, 

F 0 "=2a»D ... (9) 


Now D can be determined from equations (7) and (8) as 
follows:— 


_ _(4F' + F'0 a 
8(2F' + F") 


... (10) 


18 
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Corresponding to F" = 4*3xl0® dynes/cm and F' = l*9 x 10“* 
dynes the energy of dissociation D is 13*7 volts. Substituting 
the value of D in equation (9) one can evaluate the true force 
constant F" 0 provided “ a ’ ’ is known. From the analysis of the 
bands associated with the diatomic molecule of boron monoxide 7 
one finds that in the ground state, % of the molecule, o>oX is 
10*7 cm."* 1 so that a comes out to be nearly 2A -1 and the true 
force constant F" 0 is 17*4x10® dynes/cm. 

5. Calculation of Rigidity. 

.Of the four fundamental frequencies v, is assumed to arise 
only from the strain of the radical and as we have already 
remarked it corresponds to motion of the B atom in the per¬ 
pendicular plane. On the other hand, the frequencies v 2 , v 9 and v t 
involve only motions in the plane of the triangle. Hence /J 
should have two different values, their difference giving a measure 
of the rigidity of the plane configuration which can be calculated 
as follows from the observed fundamental frequencies :— 

If 0 is the angle between the displaced link and its equili¬ 
brium position, the potential energy associated with a deviation 
of one BO bond from thc'jplane configuration is given by, 

y=l_K fl (r 2 0 a ) ... (11) 

where K« is the tangential restoring force constant. v x is then 
given by 

4,f! V=-jjr v - ( 12 > 

But from Menzies’ expression, 

4 t 8 Vi 2 = - 1 _. ... (18) 


7 Jevons, Report on Band Spectra of Diatomic Molecaless 
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Hence assuming r to be 1’35A as found by Zachariasen 8 one can 
calculate from the above relation the value of F'/r and thus of 
K« which must be corrected for the strain of the radical. The 
frequencies of the normal modes confined to the plane of the 
radical give F'/r as 1*4 x 10 5 dynes/cm. and this is due to strain 
alone. On the other hand F'/r calculated from v\ is 1*5 X10® 
dynes/cm. This shows that the true rigidity of each bond is 
given by tangential restoring force constant of approximately 
1X10* dynes/cm; in other words the rigidity associated with the 
central B atom in BO 0 radical is 3x 10 4 dynes/cm. 

6. Conclusions. 

The results are in agreement with the prediction of Cassie. 
The magnitude of the true force constant of the radical under 
investigation in comparison to that of C0 3 and NO s shows that 
the bond is not localised as in BC1«. The slightly positive value 
of true rigidity reveals further that its plane configuration is not 
due to repulsion of the oxygen ions alone and follows the central 
quantisation more closely than NO s or C0 8 radical. 

The authors acknowledge their gratefulness to Prof. P. N. 
Ghosh for suggesting the problem and guidance during the 
course of the investigation. 

Applied Physics Department, 

University College op Science, 
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Influence of Magnetic Field on the 
Co-efficient of Viscosity of Liquids.* 

By 

P. K. Raha and S. D. Chatterjee. 

(Received for ‘publication, 11th May 1935). 

Abstract. 

The paper gives a preliminary account of the results of the investi¬ 
gation on the influence of magnetic field on the co-efficient of viscosity of 
liquids. The following results have been noted : 

(t) Liquids with long chain aliphatic molecules, c.g acetone and propyl 
alcohol (normal), show diminution of viscosity in a magnetic field. 

(ii) Liquids of the aromatic class, e.g., nitro-benzene and toluene and 
an alcohol with side chains, e.g. t iso-amyl alcohol, show increase of viscosity 
in a magnetic field. 

(Hi) Carbon tetrachloride, water and aqueous solution of cerium nitrate 
sht)w no change of viscosity. 

For nitro-benzene, the change dtj/t] increases linearly with increase of 
magnetic field, no indication of saturation being observed. The thermal 
variation of 'drj/r) for the same liquid is also recorded. 

The influence of electric and magnetic field on the so-called 
transference processes in liquids and gases, viz., on the co¬ 
efficients of viscosity, conductivity and diffusion, has been the 
subject of many investigations in recent years. A concise 
summary of these investigations will be found in a papa: by 
ITrautz and Frdschel in the Ann. d. Phys. Bd. 22, p. 223, 1935. 
Most of the changes observed by the previous investigators Jay 
within the limits of experimental error, and no definite conclu¬ 
sions could be drawn from them. Recently Senftleben* and 

• Communicated by the Indian Fhyaioal Society. 
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his fellow-workers have investigated the influence of a magnetic 
field on the conductivity of paramagnetic gases, and have 
obtained definite results, viz., a diminution of conductivity of 
O a in a magnetic field of maximum value of the order of l'l##. 
Owing to the close relation between the diffusion and conduction 
in a gas, Engelhardt and Sack 3 investigated and found a definite 
diminution in the value of the co-efficient of viscosity of 0 2 , of 
the order of 0’4%', in a magnetic field of strength 6-8 K. G. 
Similar results have been found by Trautz and Froschel. 8 On 
reading accounts of these investigations of Senftleben, Sack 
and Trautz, it appeared worth while to us to try similar experi¬ 
ments with liquids. 

It is known that organic liquids like nitrobenzene exhibit 
strong magnetic birefringence (Cotton-Mouton effect), which 
shows that molecules of such liquids possess a large degree of 
magnetic and optical anisotropy. These molecules are also 
highly anisotropic in shape, and it appeared reasonable to us 
to expect that due to the orientation of these molecules 
in a magnetic field, the co-efficient of viscosity of the 
liquid containing these molecules will be altered. After 
a large number of preliminary investigations, it has been 
possible for us to detect a definite change in the 
co-efficient of viscosity of different liquids, in magnetic fields of 
the order of 25-35 K. G. We have also investigated the effect 
of such a field on the viscosity of a solution of cerium nitrate, 
whose magnetic birefringence has been observed by Chinchalkar 4 
and Haenny.® We could not observe any measurable change 
of viscosity in this solution, which is in agreement with the 
negative result obtained by Konig, on the effect of a magnetic 
field (much weaker in strength as compared to ours) on the 
viscosity of a solution of manganese sulphate. 

In the present paper a preliminary account of the results 
obtained so far will be given theoretical discussion of the 
effects observed will be postponed till a large amount of accurate 
results have been obtained. 
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Experimental Method. 

The method used was to measure the time of flow of a 
given volume of liquid through a capillary tube, placed between 
the pole-pieces of a powerful electromagnet. The change in 
the time of flow, when the given volume of liquid falls through 
a constant height, is taken to be proportional to the change in 
the viscosity of the liquid under the influence of the given 
magnetic field; it being assumed that there has not been any 
appreciable change of temperature. The electromagnet used 
was of Rutherford type t by means of which a magnetic field of 
about 34 K. G., was produced, between the prismatic-shaped 
pole pieces, over a volume of 17 cms. X0'4 cm. x0’4 cm. This 
type of electromagnet has no arrangement for water cooling. 
Special arrangement had to be made, to keep the temperature 
of the pole-pieces and of the liquid flowing through the capillary 
tube constant, during the period of the experiment. The neces¬ 
sity of ensuring the constancy of temperature will be apparent 
from the following consideration : For nitrobenzene we obtained 
an increase of viscosity of 0‘ in a field strength of 36 K. Cr. 
and temperature 23* 5C. The time of flow was 25 minutes. 
The temperature change of viscosity of nitrobenzene is 3|^r 
per degree, so that an increase in temperature of 0*1C would 
completely mask the increase in viscosity in the magnetic field. 



r»ct 
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The apparatus consisted essentially of a horizontal capillary 
tube 0, (Fig. 1) of length 17 cms., and internal bore 0’5 mm. t 
with two vertical limbs. One of these comprised of three glass 
bulbs, A, B, D, interconnected by means of slender glass tubes, 
while the other communicated with a receiving bulb R through 
a cork. A projecting glass tube M sealed to the lower end 
of the receiver, vertically below the cork N, allowed freedom of 
adjustment of the difference of level through which the liquid 
volume contained in A and B was intended to fall. The time 
of flow of the liquid could thus be regulated to a certain extent. 
Usually the time taken by the meniscus of the liquid head to 
flow across two specified marks on the narrow stems of the 
middle bulb B (about 1 inch in diameter) was observed. When, 
however, the viscosity of the liquid was large (e.g., for iso-amyl 
alcohol and normal propyl alcohol)’, the time taken by the 
meniscus to travel across two marks on the narrow stems of 
the uppermost bulb A (about | the size of the middle bulb) 
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was observed. Two sides of the capillary tube were ground flat 
to a thickness of 2 mm. to enable its being placed in the narrow 
rectangular gap between the pole-pieces Pi and P,, leaving 
sufficient space between the ends of the latter and the sides of 
the tube for the circulation of water. By means of the stop¬ 
cock S u the apparatus could be connected through a calcium 
chloride tower, either to air or to a rotary oil pump. S 2 is con¬ 
nected to outside air through another calcium chloride tower. 
After each experiment, the liquid is sucked back to the bulbs 
A and B by connecting Si to the air pump and opening S 2 . 

The electromagnet consisted of two vertical limbs Li and Lj, 
(Pig. 2) round which the field coils were wound. On the top 
of these two limbs a thick brass plate was supported, through 
which the two rectangular ends of the cores of 1^ and L 2 project 
out and support the prism-shaped pole-pieces Pi and P a . On 
this brass-plate a thermostat, of dimensions 21" X19" X13", is 
built up. The bottom of the thermostat is fixed water tight 
on the brass plate by means of white paint, while the protruding 
corners are supported by suitable wooden supports. The bottom 
has two rectangular openings through which the cores of Li and 
L s project out. The outside of the thermostat, which is made 
of copper sheet, is covered with asbestos board fixed to a wooden 
frame. The front side is provided with a glass window to 
enable an observer to watch the motion of the liquid meniscus 
in the glass bulbs A and B, by means of a telescope and a metal 
filament lamp, the latter being placed above the thermostat. 
The glass apparatus is placed in the thermostat, with the 
capillary portion C between the pole-pieces Pi and P a , and only 
the stop-cocks Si and S a project above the level of water in the 
thermostat. The latter also contains a heater H, a toluene thermo¬ 
regulator R, a sensitive relay and a thermometer whose bulb 
lies above the capillary tube. With vigorous stirring, the tem¬ 
perature fluctuation is found not to exceed 0°'02 C. The most 
accurate measurements are made, when the temperature of 
the bath is made equal to that of the surrounding air; then 

19 
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over the period of a series of observations there is no perceptible 
variation of temperature. Most of the observations are made 
under this condition. 

The procedure adopted for taking a set of readings, is as 
follows : First a set of readings are taken for the time of flow, 
without putting on the magnetic field. When the steady tem¬ 
perature state is reached, it is found that the consecutive readings 
do not vary by more than O'1 sec. in 25 minutes. Then alternate 
readings are taken with the magnetic field on and off. Though 
the capacity of the thermostat is about 3 cubic feet, it is found 
that after taking two readings with the field on, the temperature 
of the pole-pieces and of the capillary tube rises and the percen¬ 
tage change in the time of flow in the magnetic field begins to 
diminish. So that in any set of observations, not more than 
two readings with the magnetic field on, are recorded. 

Experimental Restilts. 

In Table I is given the values of the readings taken for 
the time of flow of nitrobenzene through the given capillary tube, 
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with and without a magnetic field. This gives an idea of the 
accuracy with which the time of flow can be observed. The 
variation of dtj/tj of nitrobenzene with field strength is given 
in Table II and the graph in Fig. 3. It will be seen that dvj/rf 
increases directly with H, and there is no indication of Batura* 
tion. With a given field strength, the variation of drj/i) with 
temperature of the same liquid is shown in Table III and in 
Fig. 4, apparently drj/r) becomes zero at about 35°C. That 
dr)/rj diminishes with increase of temperature is definite, as the 
first three readings which were taken with thermostat working at 
the room temperature on different days indicate. Owing to the 
difficulty of keeping the temperature of the thermostat constant 
within the required range, when kept at temperature several 
degrees higher than the room-temperatures not much value can be 
attached to the readings taken at 35°C and 37°C. Table IV 
contains the values of c/ 17/17 for different organic liquids, water, 
and a solution of cerium nitrate in water, of concentration 0*3 
gms. percc. 

o? 5 
oao 

3 

* 015 

* 

OK) 

005 
0 

—«-Te mp. in deqrees (Cenlh/rdde) 

Only a limited number of liquids have been tried A but still 
indications of some regularity in the results appear. 

(I) Liquids with long chain aliphatic molecules show a 
diminution of viscosity in a magnetic field. 

(II) Liquids of the aromatic series and an alcohol with side 
chains show increase of viscosity in a magnetic field. Benzene 
monochloride seems to be an exception. 
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(III)' Carbon tetrachloride, water and aqueouB solution of 
cerium nitrate show no change in viscosity. The result is to 
be expeoted for a non-polar symmetrical liquid like CC1,. Water 
has a dipole moment but has not a large molecular dimension. 
Cerium nitrate in aqueous solution shows magnetic birefringence 
of the same order of magnitude as organic liquids of the aromatic 
class. Evidently the mechanism of the production of bire¬ 
fringence is different in the case of liquid containing molecules 
belonging to the aromatic group and in aqueous solutions contain¬ 
ing paramagnetic molecules. 


Table I. 

Temperature of the thermostat—27°C. 
H—31 kilo-gauss. 


Number of observations. 

Field. 

Time. 

1 

r | 

off 

24 mins. 55*6 Bees. 

2 

off 

24 mins. 55*6 secs. 

3 

off 

24 mins. 55*6 secs. 

4 

on 

24 mins. 57*0 secs. 

6 

off 

24 mins. 55*6 secs. 

6 

on 

24 mins. 66 m 9 secs. 

7 

off 

24 minB. 55*4 secs. 


Table II. 

Relation of dvj/tf with H. 


Substance 

Temp. 

Magnetic field 
in Gauss. 

dvh * 100 

Nitrobenzene 

27*C 

13,750 

+0*0372 

»» 

II 

26,740 

+ 00744 

•» 

l) 

31,700 

+ 0*0879 

M 

If 

84,760 

+ 0*100 

M 

II 

36,400 

. +0*099 
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Table III. 


Thermal variation of dq/q x 100. 


Substance 

Magnetic field 

Temp. 

dyly x 100 

Nitrobenzene 

36 K.GK 

23° *60 


it 


24-6C 

| + 0*160 

»» 

»> 

27°0 

+ 0100 

»» 

it 

36*C 

Inappreciable 

*» 


37'C 

t> 


Table IV. 


Substance 

Structural Formula 

Temp. 

drily x 100 

Nitrobenzene 

Qno* 

27°C 

+ 0-10 

Toluene 

^ch 3 

26.°6C 

+ 0*0703 

Benzene 

monochloride 

<7 

T29/6C 

L26.°3C 

Zero 

Acetone 

CH3 — CO CH3 

25.°5C 

-0*085 

Iso*amyl 

alcohol 

^OH—OHj—OHj—OH 

26.*6C 

+ 0*089 

Propyl alcohol 
(normal) 

OH3-OH,-OH,-OH 

26. *60 

-0*12 


Cl 



Oar bon tetra¬ 
chloride 

1 

Ol-O-Cl 

1 

Cl 

27*0 

Zero 

Water 

H-O-H 

27 °0 

Zero 

Cerium nitrate 
solution 

NO 3 

/ 

Ce - N0 3 

NOj 

27 *C 

Zero 
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Fine Structure Analysis of the Red Bands of 
Magnesium Oxide and Isotope Effect. 

By 
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Abstract. 

Measurements of the structure lines in the (0,1), (0,0), (1,0) and (2,0) 
bands of the red bands of magnesium oxide, MgO, are reported. Each 
band has two strong P and R branches associated with the main molecule, 
Mg 24 0, and in most cases they are accompanied by fainter components 
which are definitely attributed to the two isotopic molecules, Mg 25 0 and 
Mg ae O. The two main P and R branches are strictly single and their 
continuity in the vicinity of the band origin is interrupted by the absence 
of one line. This structure characterises the system as due to a 1 S—> *2 
transition. 

The principal molecular constants evaluated from rotational term 
differences are as follows:— 


Upper *3 state. 

Lower *2 state. 

B.' = 0*7625 cm." 1 

B," = 0-6862 cm. -1 

B 0 ' = 0'7694 

B 0 » = 0-6815 

By’ * 0-7538 

By” = 0-6740 

BJ 0-7470 

a.” - 0-0075 

of = 0*0062 

D," m -2-57 x 10-« 

D/ = —2*62 x 10~ 6 

r/ = 1‘643 x 10“ 8 cm. 

r/ ss 1*510 xlO -8 cm. 

I," — 40-86 x 10" 4O gmxpA. 

1,’ m 86-27 x 10"*° gm. cm. 9 
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Introduction. 

Two band systems 1 are known for magnesium oxide. Both 
of them lie in the visible region, one in the green and the other 
in the red, extending however in the shorter wave-length region 
as far as X4700. The distinctive feature about them is that 
while the band systems so far known for the other alkaline earth 
oxides are all degraded to the red, they are shaded towards the 
violet. Of the two systems the green bands are easily excited 
while the red bands are not of perceptible intensity in the usual 
flame surrounding the magnesium arc in air, but become fairly 
intense in processes where higher temperature is available for 
excitation. From this observation it would appear that although 
they lie on the longer wave-length side of the green bands, tbe 
energy of excitation of the red bands is much higher than those 
of the green. This would indicate that the levels involved in 
the emission of the former are different from those necessary 
for the appearance of the latter. 

In the case of the oxides of beryllium, 1 calcium/ strontium, 4 
and barium/ the rotational structure analysis for at least one 
of their band systems has been worked out thus enabling one 
to evaluate their more important molecular constants ai d to 
ascertain the nature of electronic states involved in the emission 
of the band systems. It is, therefore, of interest to study the 
fine structure of the bands of magnesium oxide with a view 
to complete our knowledge of the oxides of the alkaline 
earths and also to investigate the nature of isotope effect of 
magnesium, which is known to consist of three isotopes of masses 
24, 25 and 26 and of relative abundance 8 of about 8 : 1:1. 

The green system is of the familiar type in which the vibra¬ 
tional frequency and the moment of inertia are only slightly 
changed by the electron transition. The vibrational intensity dis¬ 
tribution is also characteristic of this type resembling that of the 
green bands of beryllium oxide. It consists of only three 
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sequences^ viz. f &v = v — v''—§, ±1. Of these thie zero-sequence 
is the most intense, while the two others are very weakly develop¬ 
ed. In each sequence the successive members are very closely 
spaced but the interval between their heads increases with in¬ 
creasing v, v" values since while w/>co,", < <*"x" . Even 

under the highest dispersion available, the (0,0) band is but 
partially resolved. Moreover owing to the low intensity of (1,0) 
and (0,1) bands, it did not seem encouraging to take up the 
rotational structure analysis of the system under question as 
one would not get sufficient data for a verification of the combi¬ 
nation principle and to arrive at the correct assignment of the 
rotational quantum numbers to the lines of the (0,0) band. 

On the other hand the red system consists of a large number 
of sequences and the intense bands lie on a wider Condon para¬ 
bola. They are more open in structure than those of the green 
system and are thus more suitable for an investigation of their 
rotational structure. The object of the present investigation 
is to present the results of such a study. The bands (0,1), (0 A 0)’, ; 
(1,0). and (2 a 0 ) have been chosen for the purpose. 


Measurements. 

For the purpose of measurement^ photographs of the selected 
bands were taken in the first orders of a 15 ft. and a 21 ft. 
concave grating set up on Paschen mounting and having dis¬ 
persions of about 3 - 65A/mm. and 1'25 A/mm. respectively. To 
secure the best definition of the structure lines, fine grained 
panchromatic plates were employed. Several plates were taken 
for each of the four bands under investigation, the best ones 
being selected for the final measurement. For each band at 
least four sets of independent measurements were carried out 
and in no case the individual measurements differed from one 
another by more than ±0*01 A. Neon lines and iron arc lines 
recommended as standards were used for comparison. Keduction 

20 



458 


P. C. MAHANTI 


to wave-numbers in vacuo were made with the aid of Kayser’s 
Tabelle der Schwingungzahlen.” 


The Structure of the Bands. 

In each band the resolution is complete except for a few 
lines at the head. The bands consist in main of two strong 
series of lines which are pretty long due to the high temperature 
of the source. Each of these series is in most cases accom¬ 
panied by two comparatively fainter series of lines until the 
next band of the sequence is encountered and is superposed by 
the branches of the latter. Even then the two main series can 
be followed very far with certainty as the succeeding bands are 
very weak in intensity. The analysis given in the next section 
reveals that while the two strong series are but the P and R 
branch lines associated with the main molecule, Mg M 0, the 
fainter series are due to the isotopic molecules Mg^O and Mg M 0. 


'Analysis of Band Structure. 

The band heads are single, indicating that the band system 
is due to a transition between two similar electronic states. 
There is no sign of splitting into finer components even for the 
last lines of the two strong series, evidently the P and R branch 
lines, found in each band. This indicates that the levels involved 
are singlets. It also excludes levels with A = 1 as in this case 
one would expect each line of the series to be a narrow doublet 
on account of the A-type doubling of each rotational energy level 
in both electronic states. Further no lines, which could be 
associated even with a short Q branch, are observed in any of 
the bands investigated, thus showing that only the levels with 
A=0 are responsible for the emission of the band system. It 
may here be pointed out that the theoretical intensities to 
be expected in transition between two singlet electronic levels 
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both of which have the same value of A are given by the 
equations. 


, a(2K'+l)A2 

iQW ~ K(K + 1) 

... (1) 

o(K 2 - A 2 ) 

1P(K) = —-g-~ 

... (2) 

a(K+ 1) 2 — A 9 
* B(K) K + l 

... (3) 


In these equations the Boltzmann factor has been assumed to be 
unity. It is readily seen that if A=l, i.c., in a —■> V transi¬ 
tion, the bands should have a weak Q branch and the intensity 
of the first Q line is three times as great as that of the first R 
line, while the intensities of the other Q lines decrease rapidly 
for higher values of K. Similarly for A=2, i.e ., in a —>■ ^ 
transition the first Q line is very much stronger, and the inten¬ 
sities of the other lines decrease less rapidly. These considera¬ 
tions lead one to associate the band system under question to a 
*2 —> x 2 transition. Further evidence is secured from the crite¬ 
rion of missing lines, viz., the first line of the R branch in the 
(0, 0) band begins definitely from A=0. 

After sorting out the two main series of lines in each band, 
the next step was the identification of each series and the assign¬ 
ment of quantum numbers to the lines belonging to it. As the 
bands are degraded towards the shorter wave-length side, the 
series of lines starting from their heads evidently belong to the 
P branoh in each case. Proceeding away from the head, one can 
unerringly identify the neighbouring lines as belonging either to 
P or R branch merely from a visual inspection of their relative 
intensities except in the regions where the lines of the two series 
coalesce into one. In many cases lines from the P and R 
branches dispose themselves in a manner as to appear like close 
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doublets, the doublets becoming single lines as they approach the 
head. It should* however, be noted that from the relative inten¬ 
sities of these apparent doublets, one can easily distinguish them 
from what would occur either when the electronic levels are 
doubtets or when the rotational levels possess A-type doubling. 
Thus after identifying the two main R and P branches of the 
bands, it was only a matter of trial to find out the proper combi¬ 
nation relationship between them and thereby to arrive at the 
unique assignment of quantum numbers to the lines of the two 
series. The correctness of their A-numbering was further con¬ 
firmed from the close agreement between the calculated and ob¬ 
served magnitudes of the isotopic displacements of the rotational 
lines wherever available. 

It is well known that the lines of the R and P branches are 
given theoretically by, 

R(K) = T'(K + 1)-T»(K) ... (4) 

P(K)== T'(K —1) — T"(K) ... (5) 


So that. 

^ 2 T'(K)=R(K)-P(K) ... (6) 

^ 2 T//(K)«Ji(K-l)-P(X + l) ... (7) 

According to the combination principle all bands having the same 
upper vibrational state should yield sets of values of £±eT'(K) t 
which are numerically identical ; and similarly all bands having 
the same lower vibrational state should give identical sets of 
values of ^iT"(K). 

The wave-lengths and wave-numbers of the lines of P and R 
branches of each analysed band due to the main molecule, Mg^O, 
together with their H-numbering are given in Tables I-IV. 
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Table I. 

Structure of the ( 0, 0 ) band at \6060'31. 



* l 

P 

K 

MLA.) 


MI. A.) 


0 

6067 70 

16503*36 



1 

67-06 

05*10 



2 

66*35 

07-04 



3 

66*68 

09-14 



4 

64*76 

11*40 



5 

53*85 

13*85 



6 

52*89 

16-47 



7 

61*85 

19-31 


i 

t 

8 

60*79 

22*21 


i 

j 

9 

49-78 

25*10 



10 

48-63 

28*13 

6060-31 

16496 25 

11 

47*46 

31-30 

CO-25 

96 41 

12 

46*30 

34*47 

60*20 

96*65 

13 

45*12 

37*70 

60*13 

96-64 

14 

43*87 

41*12 

59*98 

9716 

15 

42*55 

44*74 

59*77 

96 73 

16 

41*16 

48*54 

59*48 

98-61 

17 

89*71 

52*51 

59*13 

99-46 

18 

88*20 

66*65 

58*72 

16600-68 

19 

86*63 

60*96 

58*24 

0189 

20 

34*99 

66*46 

67*70 

03-36 

21 

83*28 

70*16 

67 06 

06-10 

22 

31*51 

75*02 

56*39 

06-93 

23 

29*68 

80*04 

55*65 • 

08 94 

24 

27*80 

86*22 

54 86 

1110 

25 

25*86 

90*68 

54*00 

13’44 
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Table I ( cont'd .). 



R 

P 


\ (LA.) 

v (cm. -1 ) 

\ (I.A.) 

v (cm." 1 ) 

26 

6028*84 

16696-12 

6053*06 

16616*01 

27 

21*77 

16601*82 

62-06 

18-74 

28 

19-64 

07*70 

61-00 

21*63 

29 

17-46 

13-71 

49-89 

24*66 

80 

15-23 

19*87 

48*73 

27-83 

81 

12-96 

26*15 

47-62 

3114 

82 

10*64 

32-67 

46*26 

84-68 

33 

0828 

39*10 

44-96 

38*14 

84 

05 86 

46-80 

43-59 

41-89 

85 

03*39 

52-66 

4217 

46-78 

86 

00-88 

69*62 

40-71 

49-77 

87 

5998-33 

66-70 

3£20 

63*91 

88 

95-73 

7393 

37-64 

58-19 

39 

98*08 

81-30 

36-02 

62*63 

40 

90*37 

88*85 

34-36 

67*19 

41 

87*62 

96*51 

32*64 

71*91 

42 

84*82 

16704*32 

30-85 

7683 

48 

81*96 

12*31 

28*99 

81*94 

44 

79*02 

20*53 

27 07 

87-22 

45 

76*05 

28*84 

25-10 

92-65 

46 

73 03 

37*30 

23*08 

98*21 

47 

69*96 

45*90 

21*02 

16603*89 

48 

66-84 

64*66 

18*90 

09*74 

49 

63*67 

63-57 

1672 

15*76 

50 

60-45 

72*62 

14-47 

21*97 

61 

6718 

81-83 

12*18 

28*80 

62 

68*85 

91*21 

09*87 

84*79 

63 

60*46 

16800*78 

07*41 

41-51 
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Table I ( contd .). 


K 

R 

P 


x (LA.) 

v (cm.” 1 ) 

x (I.A.) 

v (cm.* 1 ) 

54 

6947*01 

16810*53 

6004*93 

16648-38 

55 

43*52 

20-40 

02-40 

65*40 

56 

39*98 

30*42 

5999*81 

62*69 

57 

36*39 

40*60 

97*17 

69 92 

58 

32*75 

50*93 

94*47 

77*43 

69 

5929*05 

61*45 

91*70 

85*14 

60 

25’29 

72*15 

88*87 

9303 

61 

21*48 

83-00 

85*99 

16701*06 

62 

1V64 

93*96 

83*05 

09*27 

63 

13*76 

16905*04 

80*06 

17*62 

64 

09*83 

16*28 

77-05 

26*04 

65 

05*88 

27*60 

74*00 

84-68 

66 

01*88 

39*07 

70*90 

43*27 

67 

5897*82 

50*73 

67*72 

52*19 

68 

93*69 

62*61 

64*52 

61*18 

69 

89*49 

74*70 

61 f 19 

70*54 

70 

86*24 

86*96 

57*84 

79*97 

71 

80*95 

99*36 



72 

76*62 

17011*88 



V3 

72*25 

24*54 



74 

67*84 

87*34 



75 

63’39 

60*27 



76 

58*90 

63*33 
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Table II. 

Structure of the (0,1) band at A 6311'65. 


K 

R 

P 


A (I. A.) 

v (cm.' 1 ) 

A (I-A.) 

* (cm.** 1 ) 

5 


... 

6811-65 

16839*35 

6 

... 

... 

11*38 

4003 

7 


... 

1110 

40*73 

8 

... 

... 

10*78 

41*53 

0 

• M 

... 

io- 4 a 

42*43 

10 


... 

10*04 

43-89 

li 

... 

... 

09*68 

44*42 

12 


... 

09*18 

45*65 

13 

... 

... 

08*70 

46*75 

14 

... 

i •’* 

08*17 

48*09 

15 

6288*95 

15896-62 

07*60 

49*52 

16 

8714 

1590110 

06-98 

51*08 

17 

85'28 

05-80 

06*31 

62*76 

18 

83*36 

10*66 

05*58 

64*60 

19 

81*38 

15*68 

04*78 

56*61 

20 

79*35 

20*82 

03 93 

58*74 

21 

77*27 

26*10 

03*03 

61*01 

22 

75*14 

81*50 

02*08 

63*40 

23 

72 95 

37*07 

01*06 

65*97 

24 

70*70 

42*78 

6299*98 

68*69 

25 

68*40 

48*63 

98*85 

71*53 

26 

66*04 

54*64 

97*56 

74*53 

27 

63*62 

60*80 

96*40 

77*71 

28 

6112 

67*15 

95*07 

81*07 

29 

68*67 

78*69 

93*66 

84*62 

80 

* 55*98 

80*42 

92*18 

88*86 
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Table II ( contd .). 


K 

R j 

P 

K (I-A.) 

v (cm.” 1 ) 

\ a- A.) 

v (cm. -1 ) 

81 

6253*23 

15987-32 

6290*62 

' 

15893-30 

32 

50-40 

94-41 

88*99 

96*42 

33 

47-63 

16001-65 

87-30 

16900-69 

34 

44*75 

0903 

85*55 

05*12 

35 

4181 

16-57 

83 74 

0970 

36 

38-80 

24*30 

81*86 

14-46 

37 

35-73 

32*19 

79-9*2 

19-38 

38 

32*62 

4019 

7792 

24-45 

39 

29*46 

48-32 

7587 

2965 

40 

26*25 

56-60 

73*76 

35 01 

41 

22*97 

65-06 

71*59 

40*52 

42 

1963 

7369 

69-35 

46*22 

43 

16'24 

82-45 

67*05 

52*07 

44 

12*78 

9141 

64-69 

58*08 

45 

09*27 

16100-51 

62*26 

64*27 

46 

06 70 

09*77 

69*76 

70*64 

47 

02*07 

19-20 

67*20 

7718 

48 

6198*39 

28-77 

64*58 

83*87 

49 

9466 

38-51 

61*90 

90*72 

60 

9084 

48-44 

4915 

97*76 

61 

86-97 

58*54 

46*33 

16004*98 

62 

83-04 

68*81 

43*44 

12*39 

63 

79*06 

79*23 

40-50 

19*94 

64 

75*02 

89*81 

37*49 

27*66 

66 

70 93 

16200*54 

4304 , 

35*53 

66 

66*79 

11-42 

31*30 

43*59 

67 

62*69 

22*47 

28*11 

51*80 

68 

68*34 

33*66 

24*87 

6016 


21 
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Table II ( contd .). 


K 

R 

P 

A (I. A.) 


A (I. A.) 


59 

6154 04 

16245-00 

6-221-67 

16068 68 

60 

49*69 

66-60 

18*21 

77*36 

61 

45*29 

68-14 

14*79 

86*21 

62 

40*86 

79-87 

11*30 

96*25 

63 

36-40 

91-70 

07-78 

16104*37 

64 

31*85 

16303-79 

04-23 

13'69 

65 

27 30 

15-90 

00-64 

22*92 

66 

22*67 

28 23 

6196-95 

32*52 

67 

1798 

40*75 

93*23 

4221 

68 

13*26 

6337 

89*46 

62-14 

69 

08*47 

66*19 

85-67 

62*20 

70 

03*60 

79 25 

81-64 

72*47 

71 

6098*70 

92-41 

77-64 

8294 

72 

93*72 

16405-81 

7357 

93*61 

73 

88*70 

19 33 

69*47 

16204*38 

74 

8362 

33-04 

65*80 

15-33 

75 

78-50 

46 88 

61-07 

26*47 

76 

73*29 

60*99 

66*74 

37*88 

77 

68'08 

7513 

62*40 

49*33 

78 

62*80 

89*47 

47*98 

61*02 

79 

57-48 

16503*96 

43‘52 

72*82 

80 

5211 

18*60 

... 

... 
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Table III. 

Structure of the (I, 0) hand at X 5775'25. 


K 

R 

P 

A (I. A.) 

v (cm." 1 ) 

1 

x (1. A.) j 

i 

v (cm."* 1 ) 

10 

... 

... 

5775*25 | 

17310*48 

11 

... 

... 

75*00 

11*23 

id 


... 

74-72 

12*07 

18 

... 

... 

74*41 

13*00 

14 

675941 

17358-09 

74*08 

13-99 

15 

58*09 

62 06 

73-73 

15*04 

16 

56*73 

0617 

73*35 

16*18 

17 

55*39 

70*21 

72*94 

1741 

18 

54*00 

74*41 

72*49 

18*76 

19 

52*60 

78*64 

72-05 

20 08 

20 

61-17 

82-96 

71*57 

21*52 

21 

49-70 

87*40 

71*06 

23 05 

22 

48*19 

91-97 

70*54 

24*61 

23 

46*64 

96*66 

69*97 

26*32 

24 

45*07 

17401*42 

69*35 

28*18 

25 

43*45 

06 32 

68*65 

30*28 

26 

41*77 

11*42 

67*94 

32*42 

27 

40*04 

16*66 

67-21 

34*61 

28 

88-26 

22*07 

66*42 

36*99 

29 

86*48 

27*62 

65*57 

39*54 

80 

34*55 

33*34 

64*67 

42 25 

81 

32*61 

39*24 

63*73 

45*08 

82 

30*62 

45*29 

62-73 

48*09 

88 

28*59 

51*47 

61*68* 

51*25 

84 

26*48 

57-90 

6G-56 

54*62 

85 

24*85 

64-40 

59*41 

58*09 
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Table III ( contd .) . 


K 

R 

P 

xa.A.) 


MIA.) 

Kcm,' 1 ) 

36 

672216 

17471-08 

5758-18 

17361-80 

37 

19*94 

77*86 

66*89 

65*69 

38 

17-67 

84-80 

65-67 

69-67 

39 

16*36 

91-90 

54-20 

73*80 

40 

12-99 

99*12 

62*78 

7809 

41 

1069 

17606*48 

61-30 

8266 

42 

0814 

13-99 

49*78 

87*16 

43 

06*63 

21-70 

4819 

91*97 

44 

03-06 

29 62 

46-64 

96'96 

46 

00-45 

87-C2 

44-82 

17402 17 

46 

6697-83 

46-68 

43-07 

07*48 

47 

96*18 

63-86 

41-29 

12-87 

48 

92*47 

62-20 

39*48 

18*36 

49 

89*70 

70*76 

37*62 

24 01 

60 

86*89 

79*44 

36-70 

2984 

61 

84*04 

88*25 

3374 

35-80 

62 

8116 

9717 

31*74 

41*88 

63 

78*26 

17006*19 

29-72 

48*03 

64 

76*27 

15-43 

27*63 

64*40 

66 

72*26 

24*81 

25-48 

60*95 

66 

69*18 

34*36 

23*25 

6776 

67 

66*08 

44*00 

20-99 

74*65 

68 * 

62*96 

63*76 

18*72 

81*59 

69 

69*77 

68*67 

16*40 

88*69 

60 

66*67 

73-67 

14*02 

96*97 

61 

• 

63*82 

83*83 

11*61 

17503*86 

62 

60 01 

94*19 

09*16 

10*89 
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Table III ( contd .). 


K 

R 

P 

A(I.A.) ! 

1 

v(cm. _1 ) 

A(I.A.) 

v( cm.J.) 

63 

6546*66 

17704*68 

5606 66 

1718*53 

64 

43*27 

15*32 

04*12 

2634 

65 

89-83 

26*12 

01*52 

34*33 

66 

36*35 

737-07 

98*87 

542*48 

67 

32*83 

48*15 

96*16 

50*83 

68 

2920 

59*40 

93*39 

59 37 

69 

25-65 

70*80 

90*58 

68*04 

70 

22*00 

82 3-1 

87-72 

76*87 

71 

18*30 

94-05 

84*84 

65-78 

72 

14*57 

17805*87 


... 

73 

10*80 

17-84 

... 

... 

74 

06*98 

29-97 

... 

1 

75 

0312 

42-20 

... 

1 

76 

6599*24 

54 62 


... 

77 

95*32 

67-13 


... 

78 

91*38 

79-72 


... 

79 

87*40 

92-46 


... 

80 

83*39 

1790531 

... 

... 

81 

79*32 

18-37 

... 

... 

82 

75*20 

31-61 

... 

... 
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Table IY. 

Structure of the (2, 0) band at k 5518.70. 
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Table IY ( contd.). 



R 

P 

K 

A(I.A.) j 

1 

v(cru.“ *) 

MI. A.) j 

P(CDQ.” ') 

39 

1 

6469-63 

18278-04 

6504-61 | 

j 

18161-56 

40 

67*58 

84-56 

03'52 i 

65-16 

41 

6569 

291*21 

02-40 

168*8 

42 

c3 66 

98*01 

0123 

72-72 

43 

61*48 

18304-98 

00 - 02 

76 72 

44 

69*34 

12-16 

5498 75 

80 91 

45 

6714 

19-54 

97*43 

86-28 

46 

64*90 

27*06 



47 

6263 

34-69 



48 

6032 

42*46 



49 

47*97 

50-37 



60 

45*69 

58*39 


i 


Calculation of Molecular Constants. 

The next step was to calculate the rotational constants of 
the molecule from the combination differences, which are given 
in Tables V-VIII for the different vibrational states. The 
mean value of the combination differences, ^ a T(K), has been 
taken in cases where there was more than one datum available 
for a particular pair of rotational levels. Since the rotational 
energy of a molecule in a state is T(K), where, 


T(K) = B V (K+ 1 ) + D,K*{K + 1 )» + 


... (8) 
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the combination differences can be expressed thus : 


^ 2 T(K) = T(K + 1) - T(ff-l) 

= 4B,(If + £) + SD v (K + i) 3 + ... (9) 

where terms small in comparison with 8D V (K+%) 8 are dropped. 
Both B v and D v depend upon v according to the relations 

B v = B e - a (v + $) 

= B 0 —aV ... ... ... ... (10) 


and 


Dj = D e +P{v + l) 
= D 0 + /3v 


(ID 


Here B e and D e are the extrapolated values of B v and D v corres¬ 
ponding to the non-vibrating molecule. 

For each vibrational level, the values of ^ iT{K) were plot¬ 
ted against K. It was found that for low values of K the points 
lay approximately on a straight line, whose slope gave a good 
approximation to the value of 4£„ in each case. The 
approximate value of D v was calculated from the theoretical 
relation, 

D = 4 B 3 / w 2 .(12) 

Then by successive approximation and repeated trials, values 
are finally assigned to B v and D v . The variation of D v with 
v was of negligible magnitude, so that D e was taken equal to 
D v . The final values of the different constants thus evaluated 
are collected in Table IX. 

To ensure the correct valuation of B v and D v values, T(K) 
values were calculated from equation (2) for each vibrational 
state. To illustrate their agreements with the observed T(K ) 
values, they have been included in Tables V and VII only for 
the vibrational states v'=0 and u"=0. 



MAGNESIUM OXIDE AND ISOTOPE EFFECT 


473 


Table V. 


Combination differences, ^ t T'(K) } in the upper state, 

v==0. 


K 

A S r (K) 

(Oba.) 

AjT' (X) 
(Oalo.) 

O-C. 

(0,0) 

(0,1) 

Mean 


81*88 


31*88 

31*87 

+ 0*01 

11 

34-89 


34-89 

34*90 

-0*01 

12 

87*92 


37-92 

37*93 

-0*01 

13 

40-96 


40*96 

40*96 

o-oo 

14 

4397 


43*97 

43 99 

-0*02 

16 

4702 

47-00 

47*01 

47-00 

+ 0.01 

16 

60*03 

50-02 

50-03 

50*03 

0*00 

17 

63 05 

63-04 

63-05 

53*05 

o-oo 

18 

66*07 

66-06 

56-07 

56-07 

0-00 

39 

69-07 

69-07 

59-07 

59-08 

-0*01 

20 

6210 

62.08 

62*09 

62-09 

0-00 

21 

6600 

6609 

6508 

65-10 

-0*02 

22 

68*09 

68-10 

68-10 

68*11 

-0*01 

23 

71*10 

71*10 

71*10 

71*11 

-0*01 

24 

7412 

74*09 

7411 

74*11 

0*00 

26 

77-14 

77*10 

77-12 

77*11 

+ 0*01 

26 

80*11 

80*11 

8011 

80*11 

0-00 

27 

8308 

83 09 

83*09 

83*09 

0*00 

28 

86*07 

86*08 

86*08 

86*08 

0*00 

29 

89-06 

89*07 

89 06 

89*07 

-0*01 

80 

92*04 

92*06 

92*05 

92 06 

-0*01 

81 

96*01 

95-02 

95*02 

95*02 

0*00 

82 

97*99 

97*99 

97*99 

98*00 

-001 

88 

100 9G 

100*96 

10096 

100*97 

-0-01 

84 

108*91 

108*91 

103*91 

108*94 

-0*03 

85 

106.87 

106*87 

106-87 

106*89 

-0*02 


22 







474 


P. C. MAHANTI 


Table V ( contd .). 


K 

AjT' •■K) 

(Ob8.) 

A*T' (K) 
(Calc.) 

1 

o 

(0, 0) 

(0, 1) 

Mean 

36 

109*85 

109*84 

109*85 

109*85 

0*00 

87 

11279 

112*81 

112-80 

112*80 

o-oo 

38 

116*74 

116-74 

115*74 

115*75 

-0-01 

39 

118*67 

118*67 

118*67 

118-69 

-0-02 

40 

121*66 

121-69 

121*63 

121*63 

o-oo 

41 

124-60 

124-64 

124-67 

124-66 

+ 0*01 

42 

127-49 

127*47 

127*48 

127-49 

-0*01 

43 

130-37 

130*38 

130*38 

130*40 

—0 02 

44 

133*31 

133*33 

133*32 

133 32 

o-oo 

46 

186-19 

136*24 

136*22 

136*24 

-0*02 

46 

139-09 

139 13 

139*11 

139-14 

1 -003 

47 

142 01 

142*62 

142-02 

142*04 

-0-02 

48 

14492 

144 90 

144’91 

144 93 

-002 

49 

147 81 

147*79 

147*80 

147*82 

-002 

60 

15/65 

160 68 

150 67 

150*69 

-0*02 

61 

153-63 

153*66 

153*65 

153-57 

-0-02 

62 

166-42 

156*42 

156*42 

166*43 

-001 

63 

159*27 

169*29 

159*28 

159*80 

-0-02 

64 

162*16 

162*15 

162*16 

16216 

-o-oi 

66 

165*00 

166-01 

165*01 

165*01 

o-oo 

66 

167*83 

167*83 

167-88 

167*84 

-o-oi 

67 

170-68 

170*67 

170*68 

170*67 

+o-oi 

68 

178*60 

173*50 

173-50 

173-50 

000 

69 

176-81 

176-32 

176*32 

176*32 

0-00 

60 

179*12 

179*14 

179*18 

179*13 

o-oo 

61 

18194 

181*98 

181*94 

181*93 

+ 0-01 

69 

184*69 

184*62 

184*66 

184-73 

-0*07 
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Table V. ( contd .). 


K 


Aj r (x ) 
(obs.) 


aj r (K) 

(calc.) 

O 

1 

o 

<0,0) 

(0,1) 

Mean 

63 

187*42 

187-33 

187*38 

187*52 

-o-» 

64 

190*24 

190*20 

190*22 

190-30 

-0-08 

65 

193*02 

192*98 

193*00 

193*07 

—0*07 

66 

195-80 

195-71 

195*76 

195*84 

-0*08 

67 

198*54 

19854 

198*54 

198-59 

-0*05 

68 

201-43 

201*23 

201*33 

201-34 

-o-oi 

69 

201*16 

| 203-99 

204*08 

204*07 

+ 0*01 

70 

206*99 

200'78 

206*89 

206*80 

+ 0'09 

71 

1 

209*47 

209*47 

209 53 

-0*06 

72 

1 

212-20 

212*20 

212*24 

-0*04 

73 


214-95 

214-95 

214*94 

+ 0*01 

74 


217-71 

217*71 

217*63 

+ 0*08 

75 


220 41 

220*41 

220*32 

+ 0*09 

76 


223-11 | 

293*11 

223*00 

+ 0*11 

77 

! 

226-80 

125*80 

226*65 

+ 0*15 

1 

78 


228-45 j 

228*45 

228*31 

+ 0*14 

79 

i 

231-14 | 

231*14 

230*96 

+ 0*18 


Table VI. 

Combination difference, A 2 T' (K), in the upper state, 
i/=l and v = 2 


K 

A,r (K) 

v'=l 
(1, 0) 

AjT' (X) 
p'-a 
(2,0) 

K 

aj r (x> 

p'=i 
(1,0) 

C9 ^ 

^ ® 
mu» 

<1 W 

14 

44*10 


17 

52*80 

5178 

15 

47*02 


18 

5565 

54-76 

16 

49*99 

48*61 

19 

58*56 

57-77 
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Table VI '( contd .). 


K 

A ,T' (K) 
e'-l 
d, 0) 

Aim) 
„'=2 
(2, 0) 

K 

a 2 r (K) 

»'=i 
{l, 0) 

Ai T\K) 

t>'=2 

(2,0) 

I 

20 

61*44 

6072 

46 

138*20 


21 

64*35 

63*66 

47 

140*98 


22 

67*86 

66*68 

48 

143*84 


23 

70*34 

69-71 

49 

146*75 


24 

73*24 

72*70 

50 

119*60 


25 

76*04 

75*63 

51 

152*45 


26 

79*00 

78*53 

j 

52 

155 29 j 

27 

82*05 

j 81-39 

53 

158-16 ! 

28 

85-08 

84*26 

51 

! 161-03 ! 

1 1 

29 

88*08 

1 

| 87*11 

55 

163*86 i 

I 

30 

91*09 

89-99 

56 

166*60 


31 

94*16 

92 91 

57 

16935 


32 

97*20 

95*86 

58 

172-17 


33 

100*22 

98*82 

59 

174*98 


34 

103*28 

100*74 

60 

177*70 


35 

106*31 

104*68 

61 

180*48 


36 

109*28 

107*61 

62 

183-30 


37 

112*17 

110*59 

63 

186*15 


88 

115*13 

113*57 

64 

188*98 


39 

118*10 

116*48 

65 

191*79 


40 

121*03 

119*04 

66 

194*59 


41 

123*92 

122*86 

67 

197-32 


42 

126*83 • 

125*29 

68 

200*03 


48 

129*73 

128*26 

69 

202’76 


44 

132*66 

131*25 

70 

205*47 


45 

185*45 

134*26 

71 

208*2? 
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Table VII. 


Combination differences, /^ 2 T»(K), in the lower state, v"=0. 


K 

AjT" (K) 

(obs.) 

A 2 T" (K) 

O-C 


(0,0) 

(1,0) 

(2,0) 

Mean 

(calc.) 


9 

25"96 

i 

1 

I 

25*96 

25-88 | 

•f 0*08 

10 

38-69 

1 

| 


28*69 

28*60 ! 

+ 0-09 

11 

31*58 

| 

i 


31*58 

31*32 

+ 0*26 

12 

34M 

i 


34*56 

34*04 

+ 0*52 

13 

37*32 



37*32 

36*75 

+ 0*57 

14 

39-98 j 

t 

1 

39-98 

39-47 

+ 0*51 

15 

42-01 

41-91 ' 

42-25 

42*26 

42-17 ; 

+ 0*09 

16 

45*28 

4405 

44*95 

44*96 

44*89 

+ 0*07 

17 

4796 

47-41 

47*66 

47*68 

47*60 

+ 0*08 

18 

50*62 

50*13 

50-34 

60-38 

50*30 

+ 0*06 

19 

53*29 

52*89 

53*02 

53-07 

53*01 

+ 0-06 

20 

56-86 

56*59 

55*73 

55*73 

55*70 

+ 003 

21 

58*63 

68-35 

68*46 

58-44 

58*41 

+ 0*03 

22 

61*22 

61*08 

61*14 

61*15 

61*11 

+ 0*04 

23 

63*92 

63*79 

63*82 

63*84 

63*79 

+ 0 05 

24 

66*60 

66*38 

66*52 

66*50 

66*49 

+ 0*01 

25 

69*21 

69*00 

69*22 

69*14 

69*17 

-0*03 

26 

71*84 

71*71 

71*88 

71*81 

71*86 

-0*05 

27 

74*49 

74*43 

74*55 

74*49 

74-54 

-0*05 

28 

7716 

77*12 

77*18 

77*15 

77*21 

—0**06 

29 

79*87 

79*82 

79*79 

1 79*83 

79*89 

-0*06 

30 

82*67 

82*54 

82*38 

82*50 

82*5C 

-0*06 

31 

86*29 

85*25 

85*02 

85*19 

85*28 

-0*04 

32 

88*01 

87*99 

87*71 

87*90 

87*89 

+ 0*01 

33 

90*68 

90*67 

90*36 

90*57 

90*55 

+ 0-02 

34 

93*32 

93*38 

98*02 

93*24 

93*21 

+ 0*08 

85 

96*03 

96*10 

95*68 

9594 

95*85 

+ 0*00 
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Table VII ( contd .). 


K 

A 8 T* ( K) 

(obg.) 

AjT" (K) 

(calo.) 

o 

1 

o 

(0,0) 

(1,0) 

(3,0) 

Mean 

36 

98-74 

98*71 

98*35 

98*60 

98*60 

+0*10 

37 

101*43 

10141 

101*02 

101*29 

10115 

+014 

38 

104*07 

104*06 

103*73 

j 103-95 

103*78 

+ 0'17 

39 

106*74 

106*71 

106*47 

! 106*64 

106-41 

+ 0-23 

40 

109-39 

109 34 

109*19 

109-31 

109-03 

+ 0*28 

41 

112-02 

111*96 

111*84 

j 111-94 

111-66 

■f 0-28 

42 

114-67 

j 11461 

114-49 

! 114-52 

114*28 

+ 0*24 

43 

117*10 

! 117 03 

11710 

! 117-08 

116-89 

+ 019 

44 

119*66 

j 119*53 

119*70 

119-63 

119*50 

+ 0*13 

45 

122*32 

! 12214 

[ 


122*23 

122*09 

+ 0*14 

46 

124*95 

124*75 

i 

1 

124*85 

124*69 

+ 016 

47 

127*46 

, 

127*32 


127*39 

127-29 

+ 010 

48 

13014 

129*84 


129*99 

129*86 

+ 0*13 

49 

132*69 

132*36 


132*53 

132*45 

+ 0*08 

50 

135*27 

134*96 


135*12 

135*01 

+ 0*11 

! 

51 

187*83 

137*66 


137-70 

137*58 

+ 0-12 

52 

140*32 

140*22 


140*27 

140*14 

+ 013 

53 

142-83 

142-77 


142*80 

142*69 

+ 0*11 

54 

145-88 

145-24 


145-81 

145*24 

+ 0*07 

56 

147*94 

147*68 


147-81 

147-77 

+ 0*04 

56 

150*48 

160-16 


150*32 

150*31 

+ 0*01 

57 

16299 

152*76 


152*88 

162-84 

+ 0*04 

58 

155*46 

155-31 


155*39 

155*35 

+ 0*04 

59 

157*90 

157-79 


167*85 

157*87 

+ 0*02 

60 

160*39 

160*32 


160*36 

160-37 

-0*01 

61 

162*88 

162*78 


162*83 

162*87 

-0*04 

62 

m-sa 

165*30 


165*84 

165*86 

-0*92 

63 

167*92 

167*86 


167*89 

167*83 

♦ 0-06 
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Table VII (contd.y. 



K 

A ,T"(K) 

(0,11 

K 

HuH 

K 

AtT'XK) 

(0,1) 

10 

43*76 

27 

i 

7367 

38 

102*64 

17 

46-60 

28 

7618 

39 

10618 

18 

4919 

29 

78 79 

40 

I 107-80 

19 

61-92 

80 

61*39 

41 

i 110-38 

| 

20 

54*67 

81 

84-00 

42 

112-99 

21 

67-42 

32 

86-68 

43 

116-61 

22 

6018 

83 

89*29 

44 

118*18 

28 

62*81 

34 

91*95 

45 

120*77 

24 

6564 

85 

94-57 

46 

128-83 

25 

68-25 

36 

97'19 

47 

125*90 

26 

7092 

37 

99*85 

48 

128-48 
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Table VIII ( contd .). 


K 

A,"(A) 

(0,1) 

; 

A % T"(K) 

(0, 1) 

K 

AjT"(JT) 

(0,1) 

49 

131-01 

59 

166-30 

69 

18090 

60 

135*63 

60 

158*79 

70 

183-25 

61 

136*05 

61 

161 25 

71 

185*64 

62 

138*60 

62 

163-77 

72 

188 03 

63 

141*15 

63 

166-28 

73 

190*48 

64 

143 70 

64 

168-78 

74 

192*86 

66 

14622 

65 

17127 

76 

19516 

66 

14874 

66 

178-69 

76 

197*55 

67 

151*26 

67 

176-09 

77 

199*97 

58 

153*79 

68 

i 

178-55 

78 

202*31 


Table IX. 
Rotational Constants. 

I Lower 'S state. 


Upper '2$ state. 

B e '=0-7625 cm' 1 . 

B 0 '=07694 
B ,'=0-7538 
B 3 '=0-7470 

a'=00062 

D t '=— 0-262 xl0“ 6 
r/=1-510 x 10~ 8 cm. 
7/=86-27xl0' 4O gm. cm. 2 


B,"=0 6852 cm' 1 . 

B 0 "=0-6815 

B,''=06740 

a"=0-0075 

D t "=- 2-67 xilO' 6 

r e » = l-593xl0' 8 cm. 

7, ,/= 40-86 x 10~ 40 gm. cm 2 . 


Isotope Effect. 

The theory of the isotope separations in band spectra was 
developed for vibration-rotation bands by Loomis 7 and by 
Kratzerr* The first evidence of the isotope effect was found by 
them in Ime’s data on the infra-red spectrum of HG1. Later 
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on, Mulliken 9 worked out in detail the theory of isotopic separa¬ 
tions for electronic bands and obtained confirmation of the theo¬ 
retically predicted effects in the band systems of several diatomic 
molecules. Further points in the theory have however been 
elucidated in recent years chiefly by Gibson, 10 Birge 11 and by 
Patkowski and Curtis. 12 It may be noted here that in addition 
to the isotopes whose existence had already been established by 
Aston by means of the mass spectrograph, rare isotopes notably of 
0, N, C and H have been discovered by the band-spectrum 
method. 

For magnesium there are three isotopes of masses 24, 25 
and 20 in order of abundance 8 : 1: 1. Their effects in band 
spectra have been detected by Watson and Rudnick 13 in the green 
system of MgH and by Pearse 14 in the ultra-violet bands of 
MgH + . Considering the relative masses of oxygen and magne¬ 
sium atoms the band systems of magnesium oxide may reasonably 
be expected to bring out the effects of magnesium isotopes more 
favourably. 

It is well known that in the spectrum of a mixture of two or 
more isotopic molecules the bands of the less abundant ones are 
similar to, but displaced from, the weaker than those of more 
abundant molecule. The lines of the latter are adopted as points 
of reference on account of their intensity and being more easily 
measurable. Using the notation suggested by Birge in which 
the corresponding quantities for two isotopic molecules are dis¬ 
tinguished by affixing a superscript * i ’ to all symbols for the 
less abundant molecule and keeping those for more abundant un¬ 
altered, we have the isotopic displacement of a line in an 
electronic band (»', v") given by 

V* — V— (v* — V,) + (vj — V,) + (vj - v r ) ... ... (18) 

For practical purposes, the electronic isotope displacement may 
be left out of account owing to its negligibly small magnitude. 
The exact expression for the vibrational isotope displacement is 
given approximately by 

23 
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vj - V, M (p - 1) |o),' (v' + £) - •/ ( V” + i) 

- (P 2 - («' + ^) 2 - («'+ £) 2 J + ... (14) 

It is evident from the above equation that the vibrational 
isotopic displacement is constant for all lines of a given band. 
But it increases in magnitude from band to band of a system 
almost linearly with the interval, v„, from the system origin, v e , 
to the band origin and extrapolates to zero at the system origin. 
It would therefore be zero in any band whose origin happens to 
coincide with the system origin but it is not zero in the (0,0) 
band. 

The rotational isotope displacement is approximately given 
by 

vf—v r = (p 2 — 1) x the wave-number interval between the 
line, whose isotope shift is to be calculated and the band origin, 
v 0 ... ... ... ... (15) 

It is also evident from equation (15) that the rotational 
displacement vanishes at the band origin. 

Thus for any line of a given band the observed isotopic 
displacement is the algebraic sum of the constant vibrational and 
the varying rotational displacement given respectively by equa¬ 
tions (14) and (15). If there are more than two isotopes, we 
may expect as many components of the band lines as there are 
isotopes, whose relative masses determine the positions of the 
corresponding lines in the spectrum. It may here be noted that 
in the preceding expressions, p is given by 

P := V pIp* ... ... ... (16) 
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where p is the reduced or effective mass of the molecule so that 
if Mj stands for the mass of the isotopic atom and M a for the 
non-isotopic atom, we have 


M, M 2 
** ~ M l + M 2 


and n l 


M[ M 2 
M{ + M a 


(17) 


For the bands under consideration, if we assume that tHe 
lines associated with the rare isotopes of oxygen would be too 
faint to be observed, we can treat the oxygen atom as non¬ 
isotopic, so that taking Mg 2 * as the main isotope of magnesium, 
we have 


Mg 25 0 Mg 96 0 

p - 1 -0-00803 -0-01552 

p a_ i -0-01600 -0-03080 

Using these values of (p — 1) and (p 2 — 1) together with the cal¬ 
culated origins of the bands analysed, the isotopic displacements 
for each stronger line are calculated by means of equations (14) 
and (15). Fainter series of lines due to the less abundant mole¬ 
cules Mg M 0 and Mg^O were found in most cases in their calcu¬ 
lated positions within the errors of measurement. Definite 
evidence of their presence was secured by accounting for the lines 
which lie in the region not superposed by the lines of the succeed¬ 
ing band and which are not included in the two main P and R 
branches. The data for the (0,0) band are given iD Table I to 
illustrate the agreement between the calculated and observed 
positions of the lines of the less abundant molecules. This 
establishes further the correctness of the IC-numbering of the 
lines of the different bands in addition to confirming the identity 
of their emitter. 
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Table X. 

Isotope Effect in (0, 0) band. 
R-branch lines. 


K 

Mg a5 0 

Mg»0 

R‘ (K) 

A* 

(obs.) 

Ay 

(calc.) 


Av 

(obs.) 

A* 

(calc.) 

9 

16524*66 

0*41 

0-35 

10524 *36 

0-74 

0-68 

10 

27*83 

0 30 

0 - 40 

2710 

073 

0*77 

11 

30*78 

0-52 

046 

30-34 

0*96 

0-87 

12 

34*01 

0*46 

0-50 

35-57 

090 

097 

13 

3710 

0-60 

0.56 

36*63 

107 

107 

14 

40'6O 

0-52 

0-61 

39-94 

1-18 

117 

16 

44-10 

0-64 

0'67 

4339 

1-36 

1-29 

16 

47 83 

071 

0-73 

47*09 

1-45 

1*40 

17 

61*67 

0*84 

0*79 

6101 

1-50 

1*52 

18 

56-78 

0 87 

0-86 

55 01 

164 

1-65 

19 

6994 

1-02 

0-93 

69-07 

1-89 

1*79 

20 

64-44 

1*02 

1-00 

6364 

1*92 

1*92 

21 

68 97 

1*19 

1-07 

67*96 

2*20 

2*07 

22 

73-80 

1-22 

115 

... 


2-22 

23 

78*78 

1*26 

1-23 

77*65 

2*39 

2-37 

24 

83-90 

1*32 

1-32 

82*72 

2-50 

2*63 

25 

89-04 

1*54 

1-40 

... 

... 

2*70 

26 

94-50 

1*62 

1-49 

... 

... 

2-87 

27 

1660017 

1-65 

1-58 

98*91 

2*91 

804 

28 

06-07 

1*63 

1-68 

16604-42 

3*28 

8’22 

29 

11*95 

1*76 

1*77 

10-29 

8*42 

3*41 

80 

17-83 

2*04 

1-87 

(arc line) 

... 

360 

81 

(arc line) 

... 

1*97 

22*33 

8*82 

3-79 

82 

80-46 

2 11 

2*07 

28*67 

3*90 

3*99 

88 

86*88 

2-27 

2*18 

84-79 

4*31 

4*19 
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Table X ( contd .). 



Mg»0 

! Mgs *0 

K 

(K) 

Av 

(obs.) 

A* 

(calc.) 

Bi(K) 

A v 
(obe.) 

A y 
(calc.) 

34 

16643*53 

2*27 

2*28 

16641*51 

4-29 

4*40 

85 

50*27 

2*38 

2*39 

48*02 

4*63 

4*61 

86 

57*09 

2*53 

2*51 

54*79 

4*83 

4*82 

87 

64 01 

2*69 

2-62 

61*67 

5*03 

5*04 

38 

71*12 

2*81 

2*73 




89 

78*52 

2*78 

2-85 




40 

8670 

3*15 

2*97 




41 

93*39 

3*12 

3*10 




42 

16701-06 

3*26 

3*22 




43 

. 08*85 

346 

3*35 




44 

17*06 

3*47 

3*48 




45 

25*20 

3‘64 

3*61 




46 

33*40 

3*90 

3*75 




47 

42*09 

3*81 

3*89 




48 

50*59 

4*07 

4*03 




49 

59*43 

4*14 

4*17 

1 




50 

68*23 

4 39 

4*31 




51 

77*41 

4*42 

4*46 




52 

86*59 

4*52 

4*61 




53 

96*15 

4*63 

4*76 




54 

16805*58 

5*00 

4*92 




55 

15*14 

5*26 

j 5*08 
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Table X (contd.). 
P-branch lines. 


K 

Mg ss O 

Mg»0 

P< (K) 

f > 

w 

Av 

(calc.) 

P* (K) 

Av 

(obs.) 

Av 3 
(calc.) 

29 

16624 36 

0-80 

0*35 

16523*98 

0*68 

0*67 

30 

27*40 

0*43 

0*40 

26-98 

0*85 

9*76 

31 

30*78 

0-86 

0-46 

30*34 

0*80 

0*87 

32 

34*01 

0*57 

0*61 

33*57 

1*01 

0*97 

83 

87-70 

0-44 

0-66 

3710 

1*04 

1*08 

84 

41*12 

0*77 

0-62 

40*60 

1*29 

1-20 

35 

46*01 

0*77 

0*68 

44*69 

1*29 

1*32 

36 

49*01 

0*76 

0*75 

48*24 

1*63 

1*44 

37 

63*09 

0*82 

0*81 

52*27 

1*64 

1*57 

88 

6717 

1*02 

0*88 

56*44 

1*75 

1*70 

89 

61*67 

0*96 

0'95 

60*96 

1*67 

1*84 

40 

6612 

1*07 

1*03 

6519 

2*00 

1*98 

41 

... 

... 

110 

69*64 

2*27 

212 


The author acknowledges his gratefulness to Prof. P. N. 
Ghosh for offering all facilities to carry out this investigation. 
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On the Measurement of Quantity of Light 
by the Photo-Electric Cell. 

By 

D. V. Gogate and D. S. Kothari. 

(Received for publication, 4th June, 1935.) 

The application of the photo-electric cell in the measure¬ 
ment of intensity of light is well-known. The present paper 
deals with the use of the cell for the determination of the 
quantity of light. These two uses of the photo-electric cell 
correspond to the use of a galvanometer for measuring current 
and quantity of electricity respectively. 

If a source of candle power (C.P.)’ be placed at a distance r 
from a cell of area A, the luminous flux received by the cell 
/c p ) 

will be — — A lumens. If this causes a galvanometer deflec¬ 

tion of 0 divisions, then we have, 

kV*±A=S c 6 ... (i) 

where S„ represents the current sensitivity of the galvanometer 
and K is a constant. 

If light from the source of candle power (C.P.) be allowed 
to fall on the cell for a time z±t, then, 

s 4 0'.«K'Q=:k'AI^< 

where S 4 denotes the ballistic sensitivity of the galvanometer, 
O', the kick observed, Q, the quantity and I,. the intensity of 
light. Therefore, 

S # 0'=K'A ( ^£1-At 


(a) 
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The cell used is the jWestinghouse Photo-electric cell '(Type 
P.A. I). It consists of a disc of copper oxidised on one side by 
a special treatment to cuprous oxide. 

To test the relation (I) the cell was placed at different dis¬ 
tances from a 16 volt 32 watt lamp and the corresponding 
deflection 0 in the galvanometer was observed in each case. 
It was found that r*0 was nearly constant and we obtained 
for K the value 7’5 x 10~ 6 apaperes per lumen. 

The relation (2) was verified by allowing the lamp to fall 
vertically from different heights in front of the photo-electric cell 
and noting the corresponding kicks in the galvanometer. For 
this purpose the lamp was fixed in a thick card-board sheet 
which was allowed to fall smoothly in a vertical plane distant 
about 10 cms. from the photo-electric cell by means of pulleys 
and falling weights. The illumination of the photo-electric cell 
by the falling lamp is maximum when it is just in front of it, 
but even when it is a couple of centimetres away from this 
position, on either side, the cell receives an appreciable amount 
of light. The “ effective value ” x±x of this range was deter¬ 
mined by plotting a graph between the steady deflection in the 
galvanometer and the height of the lamp. The area enclosed 
by this graph divided by the maximum value of the deflection 
gives the value for <\x. The duration of exposure was then 
calculated from the relation, 




/sx 

V2fx 


where, / is the acceleration of the system (lamp, weights, etc.) and 
x denotes the height of the lamp from the cell. Thus finally, 
we have, 


SqO' — K'A- 


(C.P.) 
r 8 ’ V2fx 


(3) 


Our experiments gave the value for K' to be 6 X10 -6 coulombs 
per lumen-second. From the known properties of the photo¬ 
electric cell one should expect this value to agree with the value 
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of K in equation (I). Our experiments show that K' is slightly 
less than K. 

For these experiments the cell was connected directly to 
the galvanometer. We now propose to introduce an amplifier 
in between and then use the cell for measuring the quantity of 
light in lightening discharge and other similar phenomena. 

It may be of interest to note here that the internal resist¬ 
ance of the photo-electric cell, as given by the makers, is 1800 
ohms. It is, however, found to vary with the current passing 
in the cell.* When the direction of the current is from copper 
to cuprous oxide (the same as the direction of the photo-electric 
current),! the resistance is found to increase with the current 
and varies from about 350 to 1700 ohms. The latter value 
corresponds to a current of about 1*5 milli-amperes in the cell. 
On further increase in the current through the cell, its resistance 
begins to decrease and is unsteady. When the direction of the 
current in the cell is from cuprous oxide to copper (the same as 
the direction of the rectified current),t the resistance decreases 
with increase of current and varies from about 300 to 140 ohms. 

Physics Laboratory, 

University of Delhi. 


• The current was always kept less than about two milli-amps. in accordance with the 
Instructions of the manufacturers. 

f The direction of the generated current in the photo-electric cell is from copper to 
cuprous oxide, i.e. t opposite to the direction of the rectified current, when the combination 
Cu-OuiO is used as a rectifier. 

24 
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On the Absorption Spectra of Some Complex Ions 

(Contributions to the Theory of Co-ordinate Linkage VII*). 

By 

R. Samuel, Mohd. Zaman and A. .W. Zubairy. 

(Received for publication, 9th May, 1935.) 

In continuation of earlier investigations (III and VI) we 
have measured the absorption spectra of some complex salts, in 
solutions containing different salts like KC1, KBr. etc., i.e., 
under the influence of the varying electric fields of the surround¬ 
ing positive and negative ions. The experimental method was 
the same as described earlier (I). The absorption coefficient k 
is defined by I=I 0 XlO -kc</ , I 0 and I being the intensities of light 
entering the medium and emerging from the medium, c and d 
standing for concentration of the solution and the thickness of 
the layer respectively. 



Fio. 1. 

* Earlier papers of this series are: (I) R. Samuel, Z. Physik, JO, 48,1981; (XI) R. 
Samuel and Advi Rao R. Despan de, ibid, 80, 896, 1933; <111! R. .Samuel, A. Hafiz Khan and 
Nazir Ahmad, Z. Physik. Chem. (B) 22, 431,1933; (IV) R. 8amuel and Mohd. Jan Khan, 
Z. Physik, 84, 87, 1933; (V) Must. Karim and R. 8amuel, Bull. Ac. Sc. Unit. Prov. 
(Allahabad), 8, 167,1984; (VI) R. Samuel and Mumtaz Uddin, Trans. Farad. See., 81, 433, 
1986; Quoted as I, IT, etc. 
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K 4 [Cr (0N) # ], The absorption spectrum was observed in 
normal solutions of KC1, KBr. and NaCl. The various 
maxima are represented in Fig. 1 and in the following Table 1, 
together with those of the solution in water only, measured 
previously (11),:— 


Table 1. 



1st maximum 

2nd maximum 

3rd maximum 


A (m /*) 

j log k 

A (m f*) 

log k 

A (m fi) | 

log k 

In water 

883 

2*0 

807 

20 

261 

3*9 

In solutions of 
NaCl. 

876 

2*0 

806 

1*9 

262 

4*0 

KC1. 

876 

2*0 

307 

2*0 

265 

4*0 

KBr. ••• 

882 

2*0 

310 

1*7 

265 

3*5 


The second and third maxima show a slight variation of 
wave-length only, but a distinct variation of their log k values 
in the different solvents ; this indicates, as was pointed out 
earlier (III and VI), a molecular Stark effect. The variation of 
wave-length of the first maximum, however, is considerably larger, 
the log k value being almost constant, thus indicating a deforma¬ 
tion of the molecule. That is exactly the behaviour as found in 
the case of other complex cyanides. It has been seen that those 
maxima which seem to be characteristic for all of them and the 
only existing ones of the diamagnetic cyanides, show the mole¬ 
cular Stark effect only, whereas those which appear additionally 
at longer wave-lengths in the paramagnetic cyanides, indicate a 
deformation of the molecule. It is, however, surprising, that 
both these effects are similar in the presence of KC1 and NaCl, 
but different in the presence of KBr. In analogy to previous 
results we expected, that the exchange of the positive ion would 
be more observable, because positive ions will surround and 
approach closer the negatively charged complex ion. 
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Fio. 2. 

K 2 [Pd (CN)J (Fig. 2.) In the presence of foreign ions, 
the absorption maxima are as is often the case more diffuse than 
in water only. Still, the maximum found in (I) at 239 m/i 
(log k ■» 3 0) appears as a point of inflection of the curve at 
almost the same wave-length. Also the K value remains the 
same in the presence of NaCl and Na 2 C0 8 , but increases to log 
k ^ ^ presence of KC1. The absorption curve indicates 
a molecular Stark effect only, and this is due to the presence of 
the positive ion. 
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K [Cu (CN) 2 ] (Fig. 3.). The absorption spectrum of this 
salt was not previously measured. It shows two maxima which 
agree fairly well with those three, shown by other diamagnetic 
cyanides. The third one at short wave-lengths is missing. The 
results of the measurements in various solvents are as follows :— 


Table 2. 


In solutions of 

Maximum I 

Maximum II 



\ (m n) 

. 

log k 

NaCl 

297 

1*8 

284 

2*0 

KOI 

303 

1*7 

276 

1*9 

NajCOj ... 

302 

1*9 

279 

2*2 


Since the maxima are rather diffuse and mostly shown as in¬ 
flexions of the curve only their interpretation is more difficult. 
The salt appears to show a molecular Stark effect only, produced 
by the presence of positive ions, surrounding the negative 
complex ion. 

Thus it can be seen, that all the cyanides, investigated till 
now, i.e. K 8 [Co (CN),], K 8 [Fe (CN),], K 2 [Ni (CN) 4 ] (cf. Ill) 
K 4 [Cr (CN)o], K 2 [Pd (CN) 4 ] and K [Cu (CN) a ] behave very 
similarly indeed. These measurements indicate, that they re¬ 
present a type of co-ordination of great stability, probably the 
most stable type yet known. 

The absorption curves of K 2 [Pd Cl 4 ], K 2 [Pt Cl 4 ], and 
Na 8 [Rh Cl„] underwent a complete change in the presence of 
bromine but not of chlorine ions (III and IV). Therefore it 
seemed to be of interest, to extend these measurements to chloro- 
platinic acid H 2 [Pt Cl 6 ]. The results are represented in Fig. 4 
and in the following Table 3 :— 














M/10 HC1 ... 
M/10 H Br ... 


The absorption curve remains rather constant, the displace¬ 
ments, which occur, are slight and by no means comparable to 
those of KatPtCh] or Na 8 [RhCl 6 ]. Wherever distinct 
variations occur* they are produced again by bromine ions. 
Furthermore, compared with the values obtained in water only, 
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the long wave-length maxima, characteristic for co-ordinated 
chlorine, show a very considerable shift towards shorter wave¬ 
length. Still, the complex [Pt Ole] 2- seems to be, considerably 
more stable than the other three, mentioned above. Whereas it 
is doubtful, if K 2 [Pt Cl 4 ] and Na 3 [Rh Cl 0 ] form true complex 
salts, or have to be considered as linked by electrostatic forces as 
(Pt Ol 2 + 2 KC1), etc., the chloroplatinic acid seems to belong 
to the same class of genuine complex salts as the hexammines or 
hexacyanides formed by the trivalent cobaltium ion. 

We have further measured the absorption curve of a number 
of complex salts in water. Most of them have not been measur¬ 
ed previously and a few of them have been repeated, for in 
(I) a quartz spectrograph only was used and the data for the 
visible region required confirmation by an instrument with 
higher resolving power. In these measurements a grating 
spectrograph with a dispersion of about 40 AU per mm. wa3 



25 
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used. 1 The results are given in the following diagrams 5 to 13 
and in Table 4 where we have added certain figures of previous 
papers for the sake of comparison. The visible absorption 
band of praseo [Co en 3 C1 2 ]C1 was remeasured in the solid 
state with the help of a recording photometer. 

We consider at first a number of salts for which the complex 
remains the same whereas the ions of the second sphere are 
changed. Since the addition of foreign ions to the solution 
produces certain changes in the absorption curve, the exchange 
of the ions of the second sphere should give similar even if 
smaller displacements, since the surrounding ions are different. 



1 F. W, Beyer (Zs. f. Phys. 1933, 83, 806) tries to improve on some of the measure¬ 
ments in the first paper of this series. He has overlooked that the data for the visible 
region are clearly characterised as temporary, because only a quartz spectrograph with low 
dispersion in the yellowgreen region was at our disposal. ( cf . I page 46). The first mea¬ 
surements with a glass spectrograph, published simultaneously with his paper (c/. Ill) agree 
indeed as regard to the main maximum with his controlling measurements by means of a 
Koenig—Martens photometer at least as well as his own. The reference of Luther and 
Niclopol&r Zs. Phys. Chem. 82, 361 1913, was not quoted in (I) sinoe the article of 
H. Ley, Handb. d. Phys. XXI was given as general reference of ail previous work. 
According to the tables in the Beyer's papor a comparison of the wavelengths of the 
main maxima of the two salts measured by him gives the following results :— 
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Indeed the maxima of [Co (NH 8 ) 6 C1] Cl 2 and [Co (NH S ) 5 C1] Se0 4 , 
of [Co (NH 8 ) 4 (NO0JO1 and [Co (NH,) 4 (NO,),]NO* and of 
[Co (NH 8 ) 4 CO e ] Br, [Co (NH B ) 4 C0 3 ] NO e , and [Co (NH 8 ) 4 
C0 3 ] 8 (S0 4 ) show different values, the differences being mostly 
very slight, but sometimes quite remarkable. It is noticeable, 
that the shift of the absorption curves does not run in the same 


[Co(NH 3 ) 6 ] Clj 

Beyer (Koenig-Martens) ... ... 481,1 mjn 

Beyer (new photographic method) ... 473*8 m/i 


[Co en 3 ] Cl 3 
467*9 m/n 
477*4 wju 


Samuel & Collaborators (HI) ... 482 m/u 467 mju 

There seems to be no reason to assume, that his new method is in any way more accurate 
than ours*. 




ABSORPTION SPECTRA OF SOME COMPLEX IONS 503 

sense for the various maxima. The position of the first maxi¬ 
mum of the chloro-pentammino complex shifts towards shorter 
wave-lengths, if the chloride and the selenate are compared ; the 
ultra-violet maximum, however, shifts in the opposite sense. 
The same holds good in the other cases, indicating, that the 
two maxima might correspond to different parts of the molecule 
with different polarity. In any case it is clear that also the 
ions of the second sphere are not without influence on the 
absorption curve and since in certain conditions even a slight 
shift of wave-length will produce a great difference of colour, 
this accounts for certain well-known changes of colour of 
apparently closely connected salts. The difference between 
solution and crystal seems to be very slight only. 

Naturally the effect is more distinct, when changes take 
place inside the complex proper, i.e., inside the first sphere of 
the molecule, as it is shown by the exchange of chlorine against 
the bromine ion in the pentammine complex. This exchange 
shifts the first maximum considerably towards the red. The 
maximum lies at about 470 m/x, if no halogen ion is present, 
at about 510 to 520 m/x when one or two chlorine ions are linked 
in the first sphere and at 545m/x if the chlorine ion is replaced 
by a bromine ion. The subsidiary maximum at the long wave 
side is displaced even more, i.e., to 618 m/x. whereas the sub¬ 
sidiary maximum on the short wave-length side is shifted very 
slightly only with the result, that this part of the absorption 
curve becomes broadened by the introduction of bromine. The 
pentammino-bromo-cobaltic chloride is definitely violet, but 
this change is not due to a constitutional change in the complex 
and even not so much to the displacement of the maxima as 
to this broadening of the curve; besides the blue and green 
regions of the spectrum also the yellow and orange regions are 
absorbed. The ultra-violet maximum is shifted to 320 m/x, i.e., 
towards shorter wave-length. At the same time a third maxi¬ 
mum appears at 252 m/x, i.e., at the same wave-length, where 
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it appears in those complexes, containing 01 or NO a ions in the 
first sphere. 

The replacement of one NH 8 molecule of the hexammino 
complex by carbonate ion gives nearly the same results as the 
introduction of chlorine ions. The first maximum lies at about 
520 m/i, the second one at about 360 mp,. The maxima at 
still shorter wave-length appears only as slight inflexions of the 
curves as in the case of a single chlorine ion being introduced 
in the complex. 

If we take the hexammino complex as the normal substance, 
we see that its first maximum is displaced towards longer wave¬ 
length by the introduction of chlorine, bromine, and carbonate 
ions, but towards shorter wave-length by the introduction of 
one or more NO a ions. The maximum at about 450 m/u re¬ 
mains also in the complex Na 8 [Co (NO a ) 6 ], in which no NH 3 
molecule is present at all, showing that also in the case of the 
NO a group it is the nitrogen which is co-ordinated to the Co 
ion (c/. I). In the NO a ion itself, however, the nitrogen atoms 
is clearly the centre of positive polarity. In the carbonate ion 
the carbon atom itself forms the centre of the group and since 
all its electrons take part in the linkage with oxygen, co¬ 
ordination takes place most probably between the Co ion and 
one of the oxygens, which all charged and uncharged, are centres 
of negative polarity, and the remaining chlorine and bromine 
ions are negatively charged in any case. The above result there¬ 
fore can be expressed as follows :—If in the hexamino complex 
one of the NH 8 molecules is replaced in such a way, that co¬ 
ordination takes place between Co and a negative ion or a centre 
of negative polarity, the first maximum is displaced towards 
longer wave-length; if, however, a centre of positive polarity 
takes the place of the nitrogen atom of NH 8 , the maximum is 
shifted towards shorter wave-length. How far such a generali¬ 
sation is possible and how far there exist connection to the 
experiments of Scheibe and von-Halban 2 and Eisenbrandt on 

* Ber. 58, 612,1925; Z. Phys. Chem. 182, 483,1928. 



ABSORPTION SPECTRA OF SOME COMPLEX IONS 505 

the deformation of chromophores by foreign ions has to be in¬ 
vestigated further experimentally. 

The results obtained with Na 5 [Co (CN) 4 (S0 3 ) 2 ] and K 4 
[Co (CN)g (S 2 0 3 )] seem to be of special interest*). Instead of 
the marked maxima of K 3 [Co (CN)„] the absorption curve 
shows a broad region of selective absorption in which one main 
maximum is marked and the other ones form points of inflections 
only. By an independent measurement of the absorption curve 
by means of a micro-photometer this result was controlled ; 
obviously the maxima of the selective absorption have become 
much more diffuse by the exchange of CN ions with sulphide or 
thiosulphate ions. Since the thiosulphate ion does not possess 
any selective absorption in the near ultra-violet, the absorption 
curve of K 4 [Co(CN) 3 (S 2 0 8 )] can hardly be considered as a 
mere superposition of the different absorption curves of the 
constituent ions, but appears to be the characteristic absorption 
curve of a true complex salt. On the other hand, Na 5 [Co (CN) 4 
(S0 8 ) 2 ] does not follow Beer-Lamberts Law, and the subsidiary 
maximum at 308 m/i may be due to the selective maximum of 
the SO* ion. But the maximum at 264 m/x cannot be accounted 
for by a superposition of different curves. If we have to classify 
these salts ultimately as genuiue complex salts and not as mere 
associations due to electrostatic attractions, the co-ordinate bond 
here is considerably weakened as compared to that in the hexa- 
cyanides. Further investigations, however, are necessary to 
decide this question definitely. 

* We have to thank Prof. P. Ray, who very kindly has put these salts at our 
disposal. 
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The State of Polarisation of Continuous 
X-rays from a Thin Aluminium 
Anti-cathode 

By H. P. De, Calcutta. 

(Received for publication, 17th June, 1935.) 

Abstract. 

An experimental method has been described for observing the state of 
polarisation of the continuous X-rays from a thin aluminium anti-cathode 
along different directions of emission. The X-rays emitted from a thin 
anti-cathode was allowed to pass through a Wilson ohamber and the initial 
direction of ejection of the photo-electrons was observed. From such 
observations the state of polarisation has been found to be 52 % along 90° 
with the line of flight of the cathode particles; 12 5% along 30° with the 
line of flight and 4% along 0°, i.e., along the direction of motion of the 
cathode particles. The results obtained have been discussed in the light of 
the experimental results of other observers and the theoretically expected 
values of Sommerfeld and Sugiura. 

Above 25 years back Sommerfeld 1 put forward a theory to 
account for the production of continuous X-rays. The funda¬ 
mental assumption of this theory was, that an electron during its 
impact with the anticathode material suffers a rectilinear retarda¬ 
tion. On this assumption Sommerfeld deduced an expression 
for the intensity distribution of the X-rays emitted along different 
directions. If J denotes the intensity along a particular 
direction, then 

_ l_ _ 

(1-/3 cos 0) 4 


e a t? sin 2 # 
16 *rc 2 r 3 ’ cos 0 " 
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where, e =electronic charge 

c = velocity of light 

v = accl. of the electron 

|8=ratio of the velocity of the electron to that 
of light. 

6= angle between the line of flight of the elec¬ 
tron and the direction of observer. 
r=distance of the point of observation from 
the anti cathode. 

According to this theory radiation was expected to be completely 
polarised. But Barkla and others found that the continuous 
radiation was only partially polarised, and the characteristic radia¬ 
tion unpolarised. Therefore, to account for the observed facts, 
the further plausible assumption was made, that the electron 
suffered scattering and nuclear deflection before the actual stop¬ 
ping took place, and as such it gave rise to an unpolarised radia¬ 
tion. Ross carrying on his investigation for the short wave¬ 
length limit of the continuous radiation from thick anticathodes 
found it to be completely polarised, as was to be expected on 
Sommerfeld’s theory. 

Sommerfeld 2 later attempted to explain the production of 
continuous X-rays from thin anticathodes, from wave mechanical 
standpoint, where thinness has the implication of reducing the 
scattering and bending of the cathode particles in the anticathode 
material to a minimum. Results deduced on this theory were 
found to be corroborated by the experimental findings of Kulen- 
kampff. Sommerfeld in this theory expected a partial polarisa¬ 
tion of the continuous X-rays from thin anticathode in any 
direction, though a complete polarisation for the short wave¬ 
length limit. 

Duane, 8 in 1929, experimentally attempted to study the state 
of polarisation of X-rays generated by the impact of the cathode 
rays with a stream of mercury vapour; such a process might be 
regarded to be analogous to the production of X-rays from a thin 
anticathode, in which the scattering of the cathode particles 
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might be expected to be nil. Duane in his arrangement was 
specially careful to keep the voltage much below that required 
to produce the “ L ’’-radiation of mercury. The observation 
was made at right angles to the cathode rays, and the X-rays 
generated were allowed to fall on a carbon block and the scatter¬ 
ed photons were measured with a point counter. It was found, 
that the number of photons registered at right angles to the line 
of flight of the cathode rays was much larger than those along the 
cathode ray stream. Now if Ij and I 2 are the values of the 
scattered photons recorded in a given period along the former 
and the latter directions, then the state of polarisation might be 
given by the formula 


P= 


Ii-I 

I 1+ l 


5x100 

2 


In this case the state of polarisation for the total radiation 
at right angles to the cathode ray beam was found out to be 
47 %‘. Dasanacharya 4 experimentally measured the state of 
polarisation of the continuous X-rays from a thin aluminium 
anti-cathode, for various accelerating potentials. He also measur¬ 
ed the state of polarisation of the total radiation. In his arrange¬ 
ment the radiation from an anti-cathode, *64/x. thick, was 
scattered from a suitable carbon block, and the measurements of 
the scattered radiation was made with an ionisation chamber and 
an electrometer. His results were similar to those of Duane, the 
state of polarisation being about 53% for the radiation at right 
angles to the cathode ray beam. 

Sugiura® worked out a theory of the distribution of the 
intensity and the state of polarisation of the continuous radia¬ 
tions using the method of retarded current matrix. In his theory, 
an expression has been deduced for the angular distribution of 
intensity of the continuous X-rays from thin anti-cathode, and 
also for the state of polarisation for different' directions. The 
distribution curve for the state of polarisation, as put forward by 
Sugiura, is given below. 
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Fig. 1. 

As the figure shows, one should expect complete ^polarisation 
for the radiation along 0° and 180°, and a partial polarisation 
along other directions, and the state of polarisation would be a 
function of the angle of the direction of observation, and vary 
according to the manner shown in the graph; and further from 
the theory, it is expected that the state of polarisation would 
depend on the exciting voltage. 

Later Sommerfeld 8 again has attacked this problem, regard¬ 
ing the state of retarded electron responsible for the generation 
of continuous X-rays, to be represented by a plane wave in 
contra-distinction to the assumption of Sugiura and others; and 
according to this theory, the intensity distribution resembles 
closely the experimental findings of Kulenkampff. In this 
connection it might be stated, that Kulenkampff 7 studied the state 
of polarisation for different spectral regions by sorting out the 
general radiation by means of suitable filters; he found a complete 
polarisation for the short wave-length limit. 
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In the present paper the degree of polarisation of the conti¬ 
nuous radiation emitted by a thin anti-cathode along different 
directions of emission has been studied by means of a Wilson 
chamber. It is well-known, that when a polarised beam of 
X-rays is sent through an expansion chamber, the initial direc¬ 
tion of ejection of the photo-electron tracks tend to lie along the 
direction of the electric vector in the radiation. It is also known 
that at right angles to the direction of propagation of X-rays the 
photo-electrons are distributed around the electric vector accord¬ 
ing to a cos 2 6 law, where 9 is the angle between the normal to 
the radiation and any direction lying in the plane containing the 
direction of emission of X-Rays and the electric vector ; of course 
here the effect of the forward momentum in the radiation is 
ignored. Now in our case the distribution of the initial direction 
of ejection of the photo-electrons were measured in a transverse 
plane,* a plane which is normal to the direction of propagation 
of the X-rays in the chamber. In this transverse plane two 
directions were chosen one vertical and the other horizontal, the 
horizontal in fact was a direction parallel to the line of flight 
of the cathode particles in the X-ray tube when the emission 
was examined along 90° to the line of motion of the cathode 
particles, and the vertical was at right angles to the horizontal. 
The photo-electrons lying in the transverse plane were divided 
into two groups, one group lying along the vertical in the 
transverse plane between 45° on either side, and the rest will 
naturally lie around 45° on the either side of the horizontal. 
Here it was legitimately assumed that those electrons, whose 
initial direction of ejection was found to lie within 45° on 
the either side of the vertical, had a bias for the vertical 
direction, and this bias was due to the presence of the 
electric vector in the radiation along that specific direction. 
Therefore, a preponderance of the initial direction of ejection 

* In the three diagrams, Figure 2, V represents the line of flight of the parent cathode 
particles in the horizontal plane and < Z’ represents tho vertical. The shaded plane represents 
the transverse plane in each case* 
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along any direction either horizontal or vertical would deter¬ 
mine the state of polarisation. Here polarisation might be 
defined as 


P= 


H-V 
H + V 


x 100 


where H=number of tracks for which the initial directions of 
ejection were found to lie between 45° on the either side of the 
horizontal in the transverse plane. 

V=number of tracks for which initial directions were found 
to lie between 45° on either side of the vertical in the transverse 
plane. 



(0 Id this case the direction of emis¬ 
sion of the X-ray 8 lies along the Y axis 
and the transverse plane is identical with 
the (x, Z) plane. 


(it) In this case the direction of emis¬ 
sion makes an angle of 80° with the V 
axis and therefore the transverse plane 
makes 60° with the V axis. 


(Hi) In this case the direction of 
emission coincides with the V axis, 
with the line of flight of the cathode parti¬ 
cles, and the transverse plane coincides 
with the (Y, Z) plane. 


/Y 

Fia. 2. 
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In this experiment the X-ray tube employed consisted of two 
portions, the cathode portion of the tube was identical with 
ordinary Hadding gas filled metal tubes with porcelain insulator, 
and therefore needs no description ; the anti-cathode portion of 
that tube was removed and in its place an iron tube B was 
soldered, the diameter of its inner bore was about 2 mm. and the 
external diameter was about 4 cm. Iron was employed in the 
construction, with the object of screening the effect of the stray 
magnetic field on the cathode particles passing through the tube. 



Fio. 3. 

A-catbod# portion of the tube. 

B—iron tube with 2mm. bore. 

C»brM8 box with proper slit systems. 

T—thin anti-cathode mounted on a ground joint. 

Wj—window at right angles to the cathode ray beam. 

W, =* window at 30° with the incident cathode ray beam. 

Wj=* window making 0° with the incident cathode ray beam. 

The cathode rays entered the brass box, placed in a uniform 
magnetic field at right angles to the plane of the paper. It was 
provided with a system of slits Si, S 2 , etc., to define the cathode- 
ray beam,; just after emerging out of the magnetic field the beam 
impinged on the thin anti-cathode (‘66/*). The latter was 
mounted on a rod fixed to a ground joint G so that it would 
be placed in the path of the cathode rays when required, and that 
only for a few seconds. Vacuum inside the system was main¬ 
tained by a mercury pump with a proper backing oil pump; a 
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stabilising arrangement was used in order to maintain the 
vacuum constant for a long time ; when the tube ran hard, a side 
tube containing charcoal was connected to the vacuum circuit for 
a fraction of a second, and at once the desired value of the vacuum 
could be obtained. The electron current through the anti-cathode 
was measured with a galvanometer, one terminal of which was 
connected to T and the other was earthed ; it was found to 
be of the order of a micro-ampere. 

The X-rays generated were allowed to enter the Wilson 
chamber, which was protected by lead screens from stray radia¬ 
tions ; only the X-rays from the thin anti-cathode were allowed to 
enter the chamber through one of the windows Wi, w 2 , etc. Prom 
control experiments it was found, that no electron tracks were 
produced in the chamber when the thin anti-cathode was absent, 
the other conditions remaining the same in the discharge 
tube. A stereo-camera was used to photograph the tracks. It 
was mounted with the axis horizontal coinciding with the direc¬ 
tion in which the X-rays were incident. In order to photograph 
the tracks with best possible definition, a small vertical plane, 
near the camera end of the chamber was illuminated, and during 
each expansion, tracks formed in that plane were photographed. 
During each expansion the number of tracks formed were found 
to be restricted to four or five only. In measuring the initial 
direction of ejection, a Zeiss stereo-micrometer was employed and 
the measurements were taken as stated before. 

The slit-system which admitted the cathode ray beam, though 
sufficiently narrow were of finite width, and due to this a disper¬ 
sion of the velocity of the cathode particles were introduced, and 
the amount of dispersion was found to be 3%| of the mean 
velocity. 

In this experiment the lengths of the photo-electron tracks 
were found to range from 4 mm. to 15 mm., of which about 60% 
were found to have lengths between 6-7 mm. The voltage corres¬ 
ponding to the short wave-length limit was found out to be 
25 8 K.V. 
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Number of photo-electrons. 


Direction of 



State of polarisa- 

within 45° on either 


emission. 

tion. 

within 45° on either 


side of the vertical. 

side of the horizontal. 



90° 

86 

269 

52 

80® 

165 

212 

12*5 

*0° 

229 

242 

4 


* In this direction the largest number of plates were taken to secure an accurate value 
of the degree of polarisation, as a preliminary observation showed that the degree of polarisa¬ 
tion is least in this direction. 

From the given data the state of polarisation as shown in the 
last column was calculated according to the formula 


P= 


H-V. 

H+V 


x 100 


where H and V represent the number of photo-electron tracks 
ejected along the horizontal and vertical directions respectively. 



Fig. 4. 

8 is the ang le between the direction of motion of the particle 
and the line of observation. 

2 
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From the graph it is seen that the state of polarisation 
decreases as 8 decreases. According to the classical theory of 
emission from an infinitely thin anti-cathode, one would expect 
to find no radiation emitted along the line of flight of the cathode 
particles. We find that radiation is emitted in that direction and 
the latter shows a slight degree of polarisation. 

The experimental results obtained can only be satisfactorily 
compared with the predictions of theory after corrections are made 
for (i) the want of uniformity in the thickness of the anti-cathode, 
( ii ) scattering of the cathode particles in the cathode, (Hi) error in 
measuring the initial direction of ejection of the photo-electrons. 
The last mentioned error can be reduced by taking a much larger 
number of observations. In spite of these possible errors it is 
remarkable how our value for the degree of polarisation at 90° 
agrees with those of other observers. 

The writer’s best thanks are due to Prof. D. M. Bose for his 
keen interest and helpful suggestions during the progress of the 
work. 

University College of Science, 

Calcutta. 

May 15, 1935. 
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Potential Energy Curves and Structure 
of the Alkaline Earth Oxides 

By 

P. C. Mahanti. 

Abstract. 

The potential energy curves for the different electronic states of the 
alkaline earth oxides have been drawn after Morse. The electronic con¬ 
figuration, dissociation energy and the products of dissociation in each state 
are discussed and the similarities in the spectra of the different members 
have been traced as far as possible. 

In the ground state of the alkaline earth oxides, the metal atom has 
been supposed to be in an excited 3 P state with outermost electrons in a 
8 p configuration and the oxygen atom in its normal 3 P state with p 4 - 
oonfigurabion, the linkage in the molecule being due to a p p-type of bind¬ 
ing between the constituent atoms. 

Introduction. 

The data obtained from the analysis of the spectra of a 
diatomic molecule can be utilised to construct U (r) curves for its 
various electronic states. A study of these curves supplies us 
with many interesting informations about the nature of the 
molecules in question. From the data so far accumulated in 
literature, one finds that molecules with the same number of 
electrons and not differing too much in their nuclear charges, 
the so-called iso-electronic molecules, are closely similar to one 
another, in the order of binding of different types of electrons as 
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is evident from the nature of potential energy curves, and also 
in respect to the positions of their different electronic energy 
levels for r = r„. Where the nuclear charges are very unequal, 
.(as in hydrides), the order of binding and arrangement of elec¬ 
tron levels are essentially those of the atom with the same 
number of electrons ( i.e ., united atom) except for the X. and A 
subdivision. 

Furthermore, certain diatomic molecules show homologous 
characteristics as are found to exist between atoms occurring in 
the same column of the periodic table. These features are mani¬ 
fested in the existence of marked similarities between the energy 
level diagrams of molecules, one of whose atoms varies from one 
element to another in the same column of the periodic table, 
while the other remains fixed; or else both vary, each within a 
given column of the table. As yet, the data on such series of 
molecules are not extensive enough to show how far these simi¬ 
larities can be followed. For homologous hydride molecules, 
the similarities between their energy level diagrams can be ex¬ 
plained from the consideration of their homologous united-atoms. 
In the case of non-hydride homologous molecules, it has been 
found that in most cases their resemblance to the united-atom 
is not close enough to be of any direct interest except in only 
a few aspects. They have, however, a relationship to their 
separated atoms, which is rather interesting. The object of the 
present paper is, firstly to trace the relationships which exist 
between the energy levels of different alkaline earth oxides with 
those of their separated atoms, from a study of the energy level 
diagrams and U (r) curves, and secondly to determine the nature 
of the electronic structure in the different states. 


Construction of U(r) Curves. 

For each electronic state of a diatomic molecule there is a 
function U{r) representing the relation between the potential 
energy and the internuclear distance which has a single minimum 
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corresponding to an equilibrium value, r e , of the distance 
r between the nuclei. If U(r) is taken as zero, then C7(r) 
represents the total potential energy of a molecule whose nuclei 
are momentarily at rest at distance r apart. The variation of 
U(r) with r can be graphically represented by means of a curve, 
called the U{r) curve for that electronic state. Thus each elec¬ 
tronic state has its own U(r) curve. 

Kratzer 1 was the first to work out a potential energy func¬ 
tion of an anharmonic oscillator composed of a dipole and 
showed that U (r) curves of molecules can be constructed with 
the help of this function. He gave the following expansion of 
U(r) in terms of p = r/r a . 

U(p)--a*[-i + l/p-Jp* + b«(p-l)» + o*(p-l)4 + ] ... (l) 

which is convergent for values of r not for from r e . 

From the analysis of band spectra if a> e , x e o) e , B 0 and a are 
known, one can compute r e , a*, b*, and c* from the following 
equations. 

B 0 = - , where p- is the effective mass of the 

molecule. 

i / a * 

2jtc\ /u- 8e / ’ 

a=(6B 2e /w e )(2f>* + l), 

and 

®,<i) d =3B t {l + 56* + c* + |.b* 2 } 

There are A however, several objections to the series form 
used by Kratzer. Firstly, the effect of all the terms in (r— r e ) to 
the power three or higher can only be approximate!} calculated. 
Secondly, it is only applicable over a restricted range of r. 
Thirdly, it does not take into account the relative magnitudes 
of the anharmonic co-efficients. 

In 1929 Morse 2 pointed out that the above objections can 
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be met by a series form, which would satisfy the following 
requirements, viz., 


(1) It should come asymptotically to a finite value r—>ao 

(2) It should have its only minimum point at r—r, 

(3) It should become infinity at r=0 

(4) It should exactly give the allowed energy levels as the 

finite polynomial, 

From the above considerations, he gave essentially the 
following function, viz., 


where, 



( 2 ) 


D e may be determined independently or evaluated from the 
2 

relation, — cm -1 . This function has a minimum of 0 


at r=r„ and comes asymptotically to D„ at r = oo. It does not, 
however, satisfy strictly the requirement (3). Morse’s function 
permits,, therefore, the construction of U(r) curves, which are 
qualitatively correct, though not quantitatively, from r=0 to 
r=oo except in the region close to r=0, which is of no practical 
importance. 

More recently Eydberg 8 has proposed for the U(r ) function - 
an expression slightly different from that of Morse. This is 
given by, 


where, 


U(r)=D e {a(r-r e ) + l} e “ o(r “ r ‘ ) 


a— 


_f( 01735 

I 



... (3) 



POTENTIAL ENERGY CURVES 


521 


He constructed the U(r) curves for a few molecules on the basis 
of the above equation and found them to be in better agreement 
with the theoretically calculated curves than those drawn after 
Morse’s function. 

In the present paper the U(r) curves for the different elec¬ 
tronic states of the molecules have been drawn according to 
Morse’s function, which is generally used by different investi¬ 
gators till now. Hence we are to know the values of r e , o>„ and 
either x,<a, or D e for each state. In many cases, however, r„ is 
not known owing to the lack of rotational analysis of the bands 
involving the given electronic level but the value of o>, is known 
from their vibrational analysis. It may here be noted that when 
(o e is known, the corresponding r e can be estimated with fair 
accuracy by means of one of the two empirical relations, viz., 
o)j t 2 = const., or <o c r/=const, as given by Birge 4 and Morse 2 
respectively. Both relations, especially the first, hold fairly 
well for different states of a molecule if the value is known for 
one state. The second relation, with the constant as 
3000 X10 -24 cm. 2 is fairly applicable for a wide variety of states, 
even of different molecules, provided the masses of the two 
atoms are not too unequal. For our purpose the relation of Birge 
has been preferred since the value of the constant is known from 
at least two of the electronic states of each molecule under dis¬ 
cussion. 

BeO. 

Excitation of the BeO molecule has so far been found to 
emit four band systems. Two of these have been analysed in 
detail and have been shown to be due to *2—and V—^*2 
transitions respectively, one lying in the blue-green 8 and the 
other in the near infra-red. 6 The other two band systems 7 lie 
in the near ultra-violet region and it has been suggested that 
both of them are due to l ir —transitions. * The energy level 
diagram correlating the different electronic states of the molecule 
is given after Harvey and Bell in Fig. 1. The ultra-violet band 
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system recently analysed by the above investigators has a pecu¬ 
liarity, viz., that it consists of a strong O-sequence with two 
very faint ones, viz., =» ±1. 



There have been of late interesting discussions by Mulliken, 8 
G. Herzberg,® Lessheim and Samuel, 10 L. Herzberg, 6 and others 
on the electronic configurations and products of dissociation of 
BeO molecule corresponding to the two states of C ! S—band 
system. According to Mulliken since BeO and C 2 are isoelectro- 
nic, it is expected that their spectra would be similar. Their r, 
values also indicate that one is nearly as stable as the other. He 
is of opinion that the C’2—>A J S bands of BeO probably corres¬ 
pond to ctttV—> o-V*, the energy interval between the two *2 
states being about the same as that predicted for the correspond¬ 
ing interval in C 2 . 

Turning to the question of dissociation products, Mulliken 
has pointed out that since the two normal atoms Be (ls 2 2s 2 , *S) 
+0( 3 P) give only a 3 S and a V state, they must almost certainly 
be identified with the molecular states crW, V and trW, 8 2. 
But these states are of relatively higher energy content in BeO 
than in C 2 and are thus of low stability or possibly even repul¬ 
sive. Hence <rV, *2 the lower state of the C ! 2 —>A*2 system, 
is the normal state of BeO t and is derived from Be(S) + 0( 1 D), 
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which is the lowest energy pair of states capable of giving 
state. 

On the other hand G. Herzberg was of opinion that the 
normal state, o-V, of BeO is obtained from Be( 3 P)+0( 3 P) while 
its excited state, crwV, from Be( 3 S) + 0( 3 P). 

Lessheim and Samuel have recently pointed out that if 
the normal state of BeO corresponding to the lower state of 
(TS—>^2 system, is taken to be derived from Be(2s 2 , 1 S) + 0 
(2s 2 2p 4 , *D) as suggested by MullikeD, one can then assume that 
in the excited state, the molecule dissociates either into an 
excited Be atom and a normal oxygen atom in the metastable 2 D 
state, or into a normal Be atom and an excited oxygen atom. 
With the first alternative, one finds that the energy interval 
between (2s 2 ) J S and the next higher term, viz., (2s2p) 3 P, 2 P, 
(2s3s) 3 S of the Be atom, is 2’70, 5‘25 and 6*43 volts 
respectively, while with the second alternative the energy 
interval between (2s 2 2p 4 ) 1 D and the next higher terms, viz., 
(2s 2 2p 4 ) 1 S, (-?s 2 2p 3 3s) 5 S of the oxygen atom, is 2*21 and 7‘64 
volts respectively. But the Ea^ calculated from the data of the 
band system in question is 4'4G volts and is thus at large vari¬ 
ance with any of the above values. They further point out that 
Be(ls 2 2s 2 , *S) as a dissociation product is to be excluded, since 
the closed shell of two s-clectrons giving rise to a J S state may 
act similarly as in He-configuration such that the resulting mole¬ 
cular states would have either no minima in their potential 
curves or the curves would be very flat. Their internuclear dis¬ 
tances would also be very large. These states would thus be 
repulsive or slightly attractive in nature. This view is substan¬ 
tiated from Hund’s theory of crystal lattice for BeO. 11 The con¬ 
tinuous absorption spectra 12 of a number of molecules which are 
known to be of this configuration also support the above view. 

Furthermore if one assumes the nature of the dissociation 
products in the two states of BeO molecule to be that ascribed by 
Herzberg, the energy interval between (2s3s) 8 S — (2s2p)|P of Be 
atom is 3'72 volts and it is not in agreement with the experi- 
3 
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mental data. It has also been remarked that in accordance with 
either of the above electronic configurations of BeO, one would 
expect the heat of dissociation in the excited state, ottV, to be 
lower than that of the normal state of completed shells with trV 4 
configuration. This is in contradiction to actual data, since the 
dissociation energy in the normal state is 5‘66 volts and in the 
excited state 7'50 volts. 

From the above considerations, Lessheim and Samuel were 
led to suggest that the ground level of BeO does not start with 
the configuration (s 2 ) of Be atom as assumed by Mulliken but 
probably starts from the first excited term of the metal atom with 
the configuration (sp) as proposed by Herzberg. Thus one may 
assume that the chemical linkage in BeO is due to a pp-binding 
between a p-electron of Be and a p-electron of oxygen atom. If 
the p-electron is excited we get a molecular state which has a 
decreased heat of dissociation and which dissociates adiabatically, 
yielding a metal atom in its ordinary excited state. The 
s-electron of the metal would not then take part in the linkage 
but would only disturb it. If on the other hand this electron is 
excited, the beat of dissociation would increase in the excited 
level and the molecule dissociates adiabatically yielding a metal 
atom in an anomalous excited state. The above authors were, 
therefore, led to suggest that in the lower A 1 2 state of the band 
system, the electronic configuration of BeO corresponds to 

7c 1 fc 2 2scr 2 (2s)2pT 4 (2p)8po-(2s)ijd<r(2p), 

dissociating into Be(A:2s2p, S P) and 0(7i:2s 2 2p' 1 , 8 P), i.e., into an 
excited Be atom and a normal oxygen atom. 

In the upper C’2 state of the band system, since the energy 
of dissociation is larger, leading evidently to'stronger binding 
force, it may be assumed that this state is derived by the excita¬ 
tion of a s-electron in the molecule, so that a complete shell is 
formed in place of two incomplete ones in the ground state. 
Such an assumption leads to the following configuration, viz., 

k 1 7c 2 2d<T 2 (2«)2p;r 4 (2p)8dcr 2 (2p). 



POTENTIAL ENERGY CURVES 


525 


This dissociates into Be(fe2p 2 , 8 P) and 0(k2s 2 2p\ 8 P), that is, into 
a Be atom in an anomalous excited state and a normal O-atom. 
The energy interval (2p 2 ) 3 P — (2s2p) 3 P is 4’6G volts and is in fair 
agreement with the calculated value of E atom = 4'46 volts from 
the data of the band system. 

The problem of the electronic configuration and the products 
of dissociation of BeO molecule has further been discussed by L. 
Herzberg. She has worked out the electronic configuration in 
each state after the “ Aufbau ” principle of Mullikcn and Hund 
and has identified the different states of the infra-red, the blue- 
green and Bengtsson’s ultra-violet band systems with the mole¬ 
cular states crV(A T 2), cr'W(B V),cr7r'cr(C 1 S) and ottV^EV). 
She has also drawn the potential energy curves for each of these 
four states. From the course of these curves, L. Herzberg was 
led to infer that for large values of r, the curves for and 
BV and those for C'S and EV merge into one another indicating 
that each pair dissociates into identical atoms. She was thus of 
opinion that while the molecular states of the former pair are 
derived from either BeOSJ+CK’D) or Be( 3 P) + 0( 3 P), those of the 
latter are probably obtained from BefSj+OfP) or Be + ( 2 S) 
+ 0'( 2 P). This assumes that the excited C 1 ^ state dissociates 
into Be + ( 2 S)+CT( 2 P), which is an ionic binding, explaining the 
higher value for the heat of dissociation in this state than that in 
the normal A. l t state. The assumption of L. Herzberg of an 
ionic binding in the excited C'S^ptate does not seem justifiable 
as one finds that the value of electron affinity of oxygen calculat¬ 
ed from the band analysis data is at wide variance with that 
directly measured by Mayer and Maltbie, while the value of E a{om 
evaluated from the same data, is in fair agreement with the 
energy interval (2p 2 ) 3 P —(2s2p) 3 P of Be atom as has already 
been pointed out. 

It may further be noted that the assumption of an ionic 
binding, would lead one to expect a higher value of heat of disso¬ 
ciation in the Ebr state than that in the BV state of Bengtsson’s 
ultra-violet band system. But the value calculated from band 
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Head data is lower. This means, therefore, that the products of 
dissociation in C'S and EV states are not probably identical, so 
that their U(r) curves would not merge into one another as shown 
by L. Herzberg in her paper. In fact she has herself noted that 
the U(r) curve for the EV state does not represent its actual 
course calculated from the available data. The U (r) curve for 
the DV state was not included as the analysis of the DV—^BV 
band system was not then published. 

The potential energy curves for the different states of BeO 
have been drawn in Fig. 2(a), those of L. Herzberg being repro¬ 
duced in Fig. 2(6) for a comparison. From both these figures, it 
is evident that allowing for small inaccuracy in the experimental 
data, the U(r) curves for and BV states coalesce into 
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one another for larger r values, indicating that their products 
of dissociation are identical as has been suggested by the above 
author. On the other hand, the U (r) curve for EV does not 
merge into that for 0*2 (Fig. 26) but it runs together with the 
one for the DV state (Fig. 2a). From this, one can reasonably 
suggest that DV and EV states would be derived from identical 
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atoms. Further definite information regarding the electronic 
configuration and products of dissociation of BeO in these two 
states can be had only when more accurate data on the analysis 
of the ultraviolet band systems will be available. 

In our view we agree with Lessheim and Samuel in their 
assignment of electronic configuration and identification of the 
products of dissociation of the A*S and C 1 ^ states. The BV 
state, whose U ( r ) curve coalesces into that of the normal 
state, dissociates also into Be (k 2s 2p, 3 P) and 0 (k 2s 2 2p i , 8 P), 
i.e 0 into a normal oxygen atom and an excited Be atom. Since 
the dissociation energy decreases in this state, one is to consider 
only those configurations of the excited molecule in which the 
excitation is due to a p-electron contributing to the linkage. 
This p-electron will, therefore, be excited to the next w-group, 
3dir(2p). Hence the electronic configuration of BeO in this 
state would correspond to 

k 1 k t 2so 3 (2s) 2p , ir i (2 p) 3pcr (2s)3dir (2 p). 

So it is different from what has been assigned by L'. Herzberg. 



P. 0. MAHANTI 


628 


MgE. 

For MgO two band systems 13 are known, one lying in the 
green and the other in the red. The analysis 14 of the red system 
reveals that it is due to a *2 —transition. The green system 
is very similar in appearance to the ultra-violet system of Harvey 
and Bell for BeO, viz., having a strong zero sequence with two 
faint sequences Av*=±l and has also «/ and to/'value nearly 
equal in magnitude. From the high dispersion photopraphs of 
these bands, it appears that the higher members of the P and R 
series, are probably double, which may be attributed to A-type 
doubling. In view of the superposition of the higher members 
of the sequence and in the absence of a rotational analysis, this 
cannot be over-emphasised. One can, however, assume 
that these bands are analogues of ultra-violet bands of Harvey 
and Bell while the red systems are analogues to the blue-green 
system of BeO. The potential energy curves are given in 
Figs. 3 and 4. 



With a view to ascertain the atomic states from which the 
electronic levels corresponding to the two states of the red bands 
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of MgO are derived, E atom was calculated. Since E mo i. = 2’03, D' 
= 509 and D"*= 3‘06 volts, we have 

E.tom = E mol . + D' — D" 

= 4‘06 volts. 

From the line spectrum data of Mg, the energy interval 
between (3s 2 ) 4 S and (3s3p) 4 P is about 4‘3 volts while that be¬ 
tween (3s3p) 8 P and (3p 2 ) 8 P is nearly 4'4 volts. Both these 
values are in fair agreement with the value of E at0 m calculated 
above from the band analysis data. We are thus presented with 
two possibilities. 

If we adopt the view of Mulliken that the linkage in MgO 
starts also with the configuration (s 2 ) of the metal atom as in the 
case of BeO molecule, then the lower A ! S state of the red system, 
which is probably the ground state of MgO, may be supposed to 
be derived from Mg (3s 2 , 2 S) + 0 (2s 2 2p 4 , 2 D). Hence we are to 
identify the products of dissociation of the upper C*S state with 
Mg (3s 3p, *P) + 0 (2s 2 2p 4 , X D). One would, therefore, expect 
the heat of dissociation in the upper state, enrV, to be less than 
that of the lower, o-V 4 , which consists of only completed shells. 
This is, however, in contradiction to the actual data. We may 
further exclude this possibility from the consideration which has 
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already been made with reference to BeO that the helium-like 
configuration (s 2 ) usually gives rise only to repulsive or slightly 
attractive states of diatomic molecules. 

On the other hand if we assume that the linkage in the 
ground level of the molecule is due to a pp-binding and thus 
starts from the first excited term of the metal atom with the 
configuration ( sp ) as has been suggested by G. Herzberg as well 
as by Lessheim and Samuel, then the lower (A 1 ^ ) and upper 
(Gs ) states of the red system may be taken to be derived from 
Mg (3s 3p, 8 P)+0 (2s 2 2p\ 8 P) and Mg (3p 2 , 3 P) + 0 (2s 2 2p 4 , 8 P) 
respectively. It is thus possible to explain the higher value of 
heat of dissociation in the excited Gs state. As in the case of 
BeO, we may here suppose that the p-electron of magnesium 
together with a p-electron of oxygen are responsible for the 
chemical linkage in the molecule in its ground state and that the 
upper C'S state has been derived by the excitation of the s-elec- 
tron in the molecule. Hence the heat of dissociation increases 
in the excited level. 

From analogy with BeO, one obtains the following configu¬ 
ration for the ground and excited levels of MgO according to 
Weizel’s correlation scheme. 10 

t rW, A J E :l\lc 2 2so- 2 (2s) 3po- 2 (2s) 3do- 2 (2p) 4/<r 2 (2p) 2p7r 4 (2p) 
3 dv 2 (2p) 3scr (3s) 4 da- (3p). 

it 2 , C X E :k x * 2 -2scr 2 (2s) 3p<r 2 (2s) 3do* (2p) 4/o- 2 (2p)2pir 4 (2p) 
3d7r 2 (2p) 4da- 2 (3p). 

The products of dissociation in the two states of the green 
system can be fairly ascertained by calculating also the value of 
E»tom from the band analysis data. This is found to be 4'05 
volts, since E mo j.=2*46, /)' = 5'36 and Z)"=3'77 volts. Com¬ 
paring this value with that evaluated from the red system, it 
seems likely that the products of dissociation of the lower states 
of the two systems are identical and so also of their upper 
states. But the values of <a e and x e io t in the band head equation 
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of the green system are a bit uncertain as they have been evaluat¬ 
ed only from At>=0 and—1 sequences. This renders the values 
of D' and D" also unreliable. Hence the above statement regard¬ 
ing the nature of the products of dissociation in the two states of 
the green system cannot be over-emphasised. In the absence 
of a rotational structure analysis of these bands, the electronic 
configuration of MgO in these states cannot also be ascertained 
with certainty. But it seems most likely that a transition 
between two similar states, probably V, is responsible for the 
emission of the band system. It may be noted that the molecu¬ 
lar states derivable from combination of an unexcited O-atom 
(®P) with a Mg-atom in (3s 3p, s P) or in (3p s , 8 P) state are two 
quintets, triplets, singlets 2 and •jr-states and one quintet, 
triplet, and singlet A state in each case. 


JBaO. 


Excitation of the BaO molecule has so far been found to 
give rise to a single extended band system 16 lying in the region 
\ 8000 —X 4300. From its fine structure analysis it has been 
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attributed to be due to a transition. U(r)' curves for 

the two states are given in Fig. 5. This system is in all proba¬ 
bility analogous to the blue-green bands of BeO and the red 
bands of MgO, so that it is schematically represented as due to 
a transition between and A 1 ^ states. It is further 

noticed that the heat of dissociation in its upper state is also 
greater than that in the lower, which is possibly the ground 
state of the molecule. Hence from considerations, similar to 
those of BeO and MgO, we can here also assume that the linkage 
in the ground state of BaO is due to a pp-binding which starts 
from the first excited term of Ba atom with the (sp) configura¬ 
tion, and that the s-electron is excited to give rise to the 
upper state of the band system. Thus the ground state A 1 ^ is 
derived from Ba (6s 6p, 8 P)+0(2s 2 2p 4 , 8 P) while the upper state, 

from Ba (6p*, 8 p, P)+0(2s 2 2p 4 , *P). The energy interval 
between (6p 2 ) 8 P — (6s 6p) 8 P of Ba is 2'74 volts, which is in 
sufficiently close agreement with the value of E at0 m 2‘52 volts, 
calculated from band analysis data. It may here be pointed out 
that the interval between (6s 6p) 1 P—(6s 2 ) J S of Ba is 2*23 volts. 
Although this value may be considered to be in fair agreement 
with the calculated value of E atom , we have excluded this possibi¬ 
lity for reasons which have already been given in connection 
with BeO and MgO. 

In this case, however, we cannot be certain of the quantum 
numbers of the molecule. But adopting Weizel’s correlation 
scheme we can derive the configuration of BaO in each state 
analogous to that of BeO or MgO. 

GaO and SrO. 

Three band systems are known for each of these molecules. 
One of these lies in the near infra-red, 16 another in the blue and 
a third in the ultra-violet. 18 Comparing the co-efficients, <o e and 
x e o* e in the band head equations of the different systems, it is 
found that there is no st£te in common amongst them. 
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The rotational analysis of the infra-red bands reveals that 
they are due to *2—►‘S transitions, and are probably analogous 
to the C 1 ^—> band system of the oxides of the remaining 

alkaline earth metals. It is further noticed that the heat of 
dissociation in the upper state of the infra-red system is less than 
that of the lower which may be supposed to be the ground state 
of the molecule concerned. If we now assume that the linkage 
in each of these two molecules is also due to a pp-binding with 
the metal atom in the (sp) configuration and that the p-electron 
is excited to give rise to the upper state of the infra-red systems, 
we can explain the decreased heat of dissociation in the excited 
states of the molecules. Thus the ground state, 4% is derived 
from Ca (4s 4p, 3 P) + 0(2s 2 2p 4 , 8 P) in the case of CaO and from 
Sr (5s 5p, 8 P) + 0(2s 2 2p 4 , 8 P) in the case of SrO. The products 
of dissociation of their upper (P2 states may then be associated 
with Ca(4s 3d, 8 D) + 0(2s 2 2p 4 , 8 P) and Sr (5s 4d, 8 D) + 0 (2s 2 
2p 4 , 8 P) respectively. The energy interval between (4s 3d) 8 D— 
(4s 4p) 8 P of Ca is 0*64 volts while E at om calculated from the 
data of Brodersen is 0*75 volts. In the case of strontium, the 
interval between (5s 4d) 8 D —(5s 5p) 8 P is 0*47 volts. From 
Mahla’s data one finds that E 0t0 m gives a negative value, which 
may, however, be attributed to error in extrapolation. 

The blue systems of calcium and strontium oxides consist 
of single headed bands and are probably analogous to the ultra¬ 
violet DV—>BV system of BeO. The heats of dissociation of 
their upper states are also less than those of their lower, which 
may be assumed to be derived from atoms, identical with the 
products of dissociation of the lower states of the infra-red bands 
of each molecule. It may here be noted that a S F term of the 
excited metal atom with sp-configuration and 8 P term of the 
normal oxygen atom combine to give a number of molecular 
states other than the A*2 state of the red bands. These possible 
molecular terms have already been noted in the case of MgO 
molecule. As in the case of the infra-red bands, we may also 
assume that the p-electron is excited to give rise to the upper 
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state of each of the blue systems. Hence the products of disso¬ 
ciation in these states may be identified with Oa (4s 6s, 8 s)+0 
(2s a 2p 4 , 8 P) and Sr(5s 6s, O a S) + (2s 2 2p 4 , 8 P) for CaO and SrO 
respectively. In the case of Ca the interval between (4s 6s) 8 S — 
(4s 4p) 8 P is 2‘0 volts while the E atom calculated from band 
analysis data is 1*3 volts, the discrepancy between the two values 
being attributed to an error in extrapolation. Similarly the inter¬ 
val between (5s 6s) 8 S — (5s 5p) 3 P of Sr is 1*8 volts while the cal¬ 
culated value of E atom is 2*1 volts and is thus in fair agreement. 

Finally the ultra-violet systems of these two molecules may 
be assumed to be analogous to Bengtsson’s ultra-violet system in 
the case of BeO molecule. In view of their uncertain vibrational 
analysis, it is preferable to postpone any further discussion on 
these bands. 
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The U(r) curves for the different electronic states 
and SrO are given in Figs. 6 and 7. It may be noted 
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of CaO 
further 
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that the electronic configuration of these molecules in the differ¬ 
ent states will be similar to those of the analogous states of BeO 
or MgO. 



The author acknowledges with pleasure his gratefulness to 
Prof. P. N. Ghosh for many helpful discussions on the subject. 
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Abstract 

The spectrum of doubly ionised zinc has been analysed in the region 
between A.5618 to A2387. Twenty three new terms have been obtained, 
mostly derived from the configuration 3d 9 4 d, and over one hundred lines 
are accounted for. 

The spectrum of doubly ionised zinc described here is an 
extension of the analysis carried out by Otto Laporte 1 and R. J. 
Lang in the region between X 1432 to X 1839. These authors 
photographed the spectra by means of a two-metre grating having 
30,000 lines per inch. As a source of light sparks in vacuum 
between two electrodes of metallic zinc were passed. L. & E. 
Bloch 2 have recently published a list of the spectra of zinc in 
various stages of excitation by using sparks of varying intensities 
in air and in vacuum between zinc electrodes, and by passing 
electrodeless discharge in vaporised metal. • This complete and 


» Phys. Rev., 30 , p. 878 (1927). 

1 L. & E. Bloch, Jour. de. Phyg. at ie Radium, 5 , p. 289 (1984). 
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valuable list contains over 550 lines definitely assigned to Zn III, 
and ranges from X 5757 to X 2229, and has been utilized by the 
author in the present work. 

The normal state of Zn III is represented by 3d 10 electrons 
giving ’S 0 . This was established by Laporte and Lang by its 
combination with the terms of the configuration 3d 9 4p, giving 
three lines about the region X 700. The lines about X 1600 are 
all due to 3d 9 4s — 3d 9 4p transitions. The complexity of the 
spectrum in the visible and the ultra-violet is presumably due to 
the presence of two electron jumps, which are quite frequent and 
strong in the analogous spectrum of nickel. 

Table I gives a list of calculated terms obtainable from some 
of the most probable configurations in Zn III. 


Table I 


3 d» 

iBo 

3d* it 

3D ID 

3d»4p 

*(PDF) i(PDF) 

3d* id 

3(GFDPS) <(GFDPS) 

8d 8 it* 

3 (PF) HSGD) 

3d * is ip 

*’3(DFG) 5, 3(SPD) 


Approximate positions for the 3d 9 (4p-4d) can be deduced by 
applying the Irregular Doubtlet Law, but these at best can only 
be approximate, since the nomenclature of the terms for 3d 9 4d 
configuration in Cu II is not exactly known, though they have 
been determined for Ni by K. Bechert # andL. A. Sommer and by 
Russell. 4 In all these spectra deviations from Russell-Saunders 
coupling are great and therefore definite multiplet assignments 
cannot be made without ambiguity. The spectrum of Cu II has 

* K. Bechert and L. A. Sommer, Ann. der. Phys. 77, p. 861 (1926). 

4 H. N. Rnssell, Pbys. Bev. 84, p. 821 (1929). 
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been classified by Shenstone 5 and by Kruger 8 in addition to 
others, and in this the exact identifications of the K values of the 
terms originating from the configuration 3d® 4d have not been 
made. Table II gives the approximate positions of the lines 
from the combination 3d 9 (4p-4d) as deducable from the Irregu¬ 
lar Doublet Law. 


Table II 



Ni I 

Cun 

Zn III 

3d* (4p—4d) 

20,000 

26,000 

l 

32,000 (?) 


The tables as provided by L & E Bloch cover this region 
and there are a large number of lines recorded by them about this 
approximate position. Unfortunately the method of horizontal 
comparison is also of no use as the data are not available. 

The analysis as put forth in this paper accounts for over a 
hundred lines, and there are about 400 more lines to be analysed. 
It seems therefore clear that 3d 9 4s 2 , 3d 8 4s 4 p, etc., configurations 
would also be present strongly. Though an attempt was made 
to obtain these terms, it was felt during the present analysis that 
more accurate measurements of the recorded lines would be ne¬ 
cessary to bring out further details of the spectrum. The author 
proposes to repeat the observations of L & E Bloch with a three 
metre concave grating. 

The new terms obtained are given in Table III. It will be 
seen that in many cases it has not been possible to identify their 
natures and these are therefore marked by the letters A, B, C 
.etc., pending further investigation. 


* A. G. Shenstone, Phys. Rev. 28, p. 892 (1927). 

• P. G. Kruger, Phys, Key. 84, p. 1122 (1929). 
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Table IV 


M. A. 

I 

v (vao.) 

Combination. 

5513-83 

0 

181328 

3d 8 4p 3 Pj-3d* 4d »F, 

5499*93 

0 

18177*0 

3d 8 4p *Pj—A 

5428-87 

2 

18431*9 

3d 8 4p 3 F 3 -3d 9 4d 3 F 3 

6233-55 

3 

191021 

3d 8 4p 3 F 4 —3d 9 4d 3 F 3 

4866*84 

6 

20541-4 

3d 9 4p 3 F 3 —3d 9 4d 3 Fj 

4836-06 

4 

20672*3 

3d 9 4p 3 P 3 —3d 9 4d 3 P 3 

4609-21 

3 

21689*6 

3d 9 4p 9 P2—F 

4606*67 

8 

21706-8 

3d 9 4p 3 Po~A 

4487*66 

2 

22277*6 

3d 9 4p 3 D 3 —3d 9 4d 3 F 3 

4482*73 

4 

22301*6 

3d 9 4p 3 F 3 —3d 9 4d 3 F 4 

4442*69 

3 

22503*0 

3d 9 4p 3 F 3 -C 

4431*47 

2 | 

22559-5 

3d 8 4p 3 D 3 —3d 9 4d 3 F a 

4424-94 

3 

22592-8 

3d 9 4p 3 F 4 -B 

4419*61 

0 


3d 9 4p 3 P 3 —3d 9 4d 3 D a 

4416*66 

0 


3d 9 4p 3 Pj—G 

4412-06 

2 


3d 9 4p 3 Pq-B 

4392*22 

3 


3d 9 4p 3 Pj—3d 9 4d 3 D 3 

4385-66 

3 


3d 9 4p 3 F 3 —A 

4370-47 

4 


3d 9 4p 3 Pj—3d 9 4d 3 Pj 

4351-71 

4 


3d 9 4p 3 F 4 —3d 9 4d 3 F 4 

4361 11 

4 


3d 9 4p 3 F 3 —3d 9 4d 5G 4 

4349-47 

2 

22984*8 

3d 9 4p 3 F 3 —D 

4343-14 

Id 

28018*3 

3d 9 4p 3 Dj—3d 9 4d 3 F 3 

4328-82 

4 

280971 

8d 9 4p 3 Pj—B 

4314-07 

1 

28173-4 

3d 9 4p 3 F 4 -C 

4802*62 

1 

» 28285-1 

3d 9 4p 3 P 0 -O 

4260*98 

2 

28462'2 

3d 9 4p 3 F 3 —3d 9 4d 3 P 2 

4243*67 

2 

28557-8 

3d 9 4p 3 F 3 —3d 9 4d 3 G 3 

4228*08 

* la 

' 28644-7 

8d 9 '4p 3 F 4 —3d 9 id 3 G 4 
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Table IV — contd. 


\ I. A. 

I 

v (vac.) 

Combination. 

422610 

2 

23655 8 

3d 9 4p 3 F 4 —D 

4214*25 

1 

23722-3 

3d 9 4p 3 P 0 -D 

4209*67 

2 

23748*1 

8 d® 4p B 

4187-82 

3 

23872-0 

3d 9 4p 3 P 0 — 3d 9 id 3 P 0 

4183*70 | 

1 

23896-6 

3d 9 ip s Pj—F 

4126-02 

0 

24229*6 

8 d® 4p 3 F|—3d® id 8 G 3 

4094-48 

2 

24416*2 

3d 9 4p s P(j—E 

4029-19 

00 

24811*9 

3d® 4p 3 D 3 - A 

4027-68 

0 

24821*2 

3d 9 4p >P l -3d 9 4d J D, 

8978-39 

1 

25128*6 

3d 9 4p s Pj—L 

3971*48 

6 

25172*4 

3d 9 4p 9 Pj-lf 

3965*47 

3d 

25210*5 

3d* 4p 3 P 0 -F 

8944*65 

0 

25343*6 

- 3d® 4p 3 Pi~ 3d® 4d_®Di 

3938-51 

2 

25383*1 

3d 9 4p 3 Fj—3d 9 4d 3 (7 3 

3935*06 

3 

25405*4 

3d 9 4p 3 F 3 -3d 9 id 3 Dj 

3912*12 

3 

25554*3 

Sd 9 4p 3 Fj—3d 9 4d 3 D, 

3830*51 

4 

26098*8 

2d 9 4p 3 F 4 -G 

3823*01 

2 

26150*0 

3d 9 4p 3 D 3 —3d 9 4d *F 4 

8812*76 

4 

26220*3 

3d 9 ip 3 F 4 - 8 d» 4d »D 3 

3794*24 

00 

96348*2 

3d 9 4p 3 D 3 -C 

3770*94 

3 

26511*0 

8d»4p 3 Dj—B 

3748*72 

4 

26668*2 

8 d 9 4p 3 P 0 —3d» 4d »Dj 

3703*55 

4 

26998*4 

8 d« 4p 3 Pj—H 

8693*47 

5 

27067*1 

8 d* 4p 

8689-99 

0 

27092*6 

3d* 4p 3 Dj—0 

8688*01 

4 

27107*2 

8 d» 4p 3 P x - 8 d» 4d »P 0 

8668*28 

9 

27253*3 

8 d« ip «F|-G 

8661-13 

1 

27306*2 

8 d» 4p 3 D 3 — 3 d 9 id >Pj 
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XI. A. 

I 

v (vac.) 

Combination. 

3657-05 

1 

273333 

3d 9 4p 3 Pi-Ii 

8651-76 

1 

37376-2 

3d 9 4p ^-M 

3647*69 

4 

27406-8 

3d 9 4p 3 D 3 —3d 9 4 d 3 Gt 3 

3632*02 

1 

27525*0 ^ 

3d 9 4p 3 D 3 -E 

3620*43 

5 

27613-1 

3d 9 4p ^3-3d 9 4d 3 F 4 

8616-26 

3 

27652*6 

3d 9 4p 3 Fj—K 

6601-20 

2 

27760*6 

3d 9 4p 3 Fj— 3d 9 4d 3 Dj 

3696*26 

2 

27806*5 

3d 4p SDj — A 

8580*74 

6 

27919-2 

3d 9 4p 3 F 3 -L 

3676-89 

1 

27957-1 

3d 9 4p 3 F 3 —M 

3539*11 

4 

28247*6 

3d 9 4p 3 F 4 —H 

3536*89 

5 

28266-3 

5d 9 4p 3D 2 -E 

3630*82 

6 

28313*9 

3d 9 4p 9 Po—H 

3629*40 

4 

28325*3 

3d 9 4p 3 D 3 —F 

8492-43 

5 

28625*1 

3d 9 4p 3 F 4 -M 

3488-70 

0 

28655*8 

3o 9 4p 3 Po—L 

3484*36 

1 

28691*5 

3d 9 4p 3 Pj—M 

8416*82 

Id 

29271*4 

3d 9 4p 3 Dj—G 

8407*02 

0 

29342*7 

3d 9 4p *Dj—C 

8386-42 

00 

29521*2 

3d 9 4p 3 Fj—3d 9 4d 3 Pi 

3361‘34 

1 

29741*5 

3d 9 4p 3 Fj—L 

3384*86 

3 

29977*6 

3d 9 4p 3 Dj—3d 9 4d 3 P 0 

333318 

1 

29992-7 

3d 9 4p 3 Dj-3d» 4d 3 D| 

3826*54 

1 

30052*6 

3d> 4p 1 Pj-3d 9 4d 3 P 0 

3317-12 

2 

80137*9 

3d 9 4p 3 Dj— 3d 9 4d 3 Dj 

8288*78 

1 

30398 2 

8d 9 4p ‘Dj-ad 9 4d 3 Pq 

8258*83 

1 

80731*7 

3d 9 4p JFj-G 

8101*00 

0 

32238*3 

8d 9 4p 3 Dj—K 

8100*15 

0 

82247*1 

8d» 4p 3 Dj— 3d 9 4d *1)1 
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XI. A. 

I 

v (vac.) 

Combination. 

3098-35 

2 

32266*8 

8d 9 4p »Di-G 

3097*15 

1 

82278-4 

3d 9 ip 3 Dj—8d* id »P, 

3091-69 

2d 

32335*3 

3d 9 ip 1P X -G 

3071*40 

1 

32549*0 

3d 9 ip ! D,—M 

8060-06 

0 

82669-7 

3d 9 ip JDj-8d 9 4d 9 Dj 

3068-48 

1 

82686*5 

3d 9 4p >Dj-G 

3050*43 

4 

32772*7 

3d 9 ip 3 Dj—3d 9 4d J D X 

8048*69 

3 

32846*3 

3d 9 4p 3d* 4d UOj 

3039*82 

1 

32887*1 

3d 9 4p iFj-H 

2875*94 

4 

34761-0 

3d 9 4p 9 Dj—L 

2872*35 

1 

34804*6 

3d 9 4p s Dj—M 

2869*29 

2 

34841*6 

8d 9 4p >Dj—H 

2866*55 

2 

84874*9 

3d 9 4p iPj-M 

2860*07 

0 

34953*9 

3d 9 4p 1 D,—3d 9 4d 9 P X 

2683*11 

6 

37259*1 

3d 9 ip 3 Pj—3d 9 id 9 S X 

2533*83 

3d 

89461*8 

3d 9 4p 3 P X —3d 9 4d 3 S X 

2461*52 

2? 

40778*6 

3d 9 ip SPo-ScPddSSx 

2387*62 

0 

41869*9 

8d 9 ip 3 F 2 -3d 9 4d 3 Sx 


I am very thankful to Prof. J. B. Seth, for his hospitality 
during my stay at the Physics Laboratory, Government College, 
Lahore, and to Dr. P. K. Kichlu, for the help in completing 
this work. 
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Raman Spectra of Cis and Trans Decalines 

By 

S. K. Kulkarni Jatkar. 

According to Sachse-Mohr strainless multiplaner ring struc¬ 
ture cyclohexane should exist as a * chair and cradle ’ form. 
However, neither cyclohexane nor its derivatives show the iso¬ 
merism. Hiickel has pointed out the small energy difference 
between the coplaner and multiplaner models as the cause of the 
difficulty in distinguishing among the possible derivatives of the 
isomers and chemists are content to regard cyclohexane as plane 
ring for all practical purposes or if the classical tetrahedral theory 
is to be maintained the two forms are regarded as easily inter¬ 
convertible. 

Cyclohexane ring in decaline, however, cannot lie in one 
plane for it is impossible to construct a model out of two plane 
cyclohexane rings. 

It was originally shown by Mohr 1 that two forms of deca- 
hydronaphthalene can be constructed from tetrahedral models. 
One is the trans form which shows the symmetry of a cubic 
lattice (diamond) and the other cis form which has hexagonal 
symmetry. Both forms seem to be stable and can be converted 
one into the other with some difficulty. 

Zelinskii and Trovapollak 2 have shown that if decaline is 
kept in contact with aluminium chloride for twenty-four hours 
it was converted into trans. This method has been used in the 
present investigation. 

Recently Waterman, Clausen and Tirilemers 8 have shown 

i J. Prekt. Cham. (2), 98, 818 (1918). 

* Ber., 08B, 1299 (1982). 

* Beo, Trav. Chios. Phys. Baa., *, in, 827 (1984), 
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that prolonged contact with nickel catalyst tends to produce more 
of the trans decaline. 

It was thought that Raman spectra of these compounds 
would throw some light on the problem^,; especially the line 
800 cm. -1 which is supposed to be due to the cyclohexane ring, 
should be different in cis and trans forms and similarly the line 
752 cm. -1 characteristic of the two fused rings in deca-hydro- 
naphthalene should show a difference. It has been observed that 
this shift is slightly broad in the spectra of cis-trans mixture. 

The technical decaline which is usually prepared by catalyst 
hydrogenations is supposed to be a mixture containing about 70 % l 
of trans. This is borne out by the present investigation by the 
visual intensity of the characteristic Raman lines. It was con¬ 
sidered that for a preliminary investigation it was enough if one 
could get two substances one having a predominance of one form 
and the other a mixture of the two forms. 

A previous experiment having shown appreciable differences 
in the relative intensities of the Raman lines of purified technical 
decaline as such and of that treated with aluminium chloride, a 
sample containing more (36 %) of cis form was prepared by frac¬ 
tional distillation and also a sample representing mostly trans 
was prepared by the method of Zelinskii ( loc. cit.). The physical 
properties of the substances are given below :— 


Physical properties. 



B. P. 

M. P. 

Density. 

n o 20 # . 

Cis Decaline . 





Landolt and Bornstein 

193 

— 51* 

*895 20/4 

1*4828 

Author 

73-5 (15 mm) 

—60° 

*878 21/4 

1*4749 (21*) 

Trans Decaline, 





Landolt and Bornstein 

187-188 

-86* 

*870 20/4 

1*4706 

Author 

71*5 (15 mm) 

-45* 

-868 21/4 

1*4705 (21*) 
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From th'e physical properties of the samples especially the 
density and refractive index it appears that the fraction collected 
is a mixture of 36% cis and 64^ trans. 


Table I. 
Cis Decaline. 


No. 

Wave-length. 

Intensity. 

1 

Wave number. 

Shift. 

1 

4436-9 

5 

22532 

406 

2 

4453'9 

3 

22446 

492 

3 

4463*1 

0 

22400 

539 

4 

4474*4 

3 

22343 

695 

6 

4505-4 

5 b 

22188 

751 

6 

4514-6 

1 

22144 

794 

7 

4525*6 

3 

22090 

848 

8 

4531-2 

i 

22063 

875 

9 

4555*3 

0 

21947 

992 

10 

4565*4 

2 

21898 

1040 

11 

4569-1 

3 

21880 

1058 

12 

4574*6 

8 b 

21854 

1085 
or «2857 

13 

4590*5 

10 b 

21778 

1160 
or €2928 

14 

4610*8 

5 

21682 

1256 

15 

4613*7 

5 

21669 

1270 

16 

4630*2 

3 b 

21592 

1347 

17 

4633*2 

3 b 

21578 

1361 

18 

4651*9 

8 

21491 

1447 

19 

4977*0 

6 b 

20087 

2851 

20 

4994*9 

5 b 

20016 

2929 


6 
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Experimental. 

A Fuess spectrograph with a dispersion of 28 A.TJ. at X 4358 
was used. The tube containing the liquid was 15 cm. x 1*2 cm. 
with a fused on jacket to hold the filter solution. This consisted 
of a 4 per cent, solution of ra-dinitro-benzene in benzene (recom¬ 
mended by B&r) to cut off the excitation by X 4046. Another 
jacket was put on this with waxed metal ends to circulate tap 
water. The tube was aligned on the axis of the spectrograph in 
the usual way and a lens was used to focus the scattered light 


Table II. 
Trans Dccaline. 


No. 

Wave-length. 

Intensity. 

Wave number 
cm. -1 . 

Shift cm. -1 . 

1 

4437*9 

5 

22527 

410 

2 

4454*6 

5 

22442 

496 

3 

4506*5 

4 

22184 

754 

4 

4525*8 

3 

22089 

849 

6 

4531 4 

3 

22057 

881 

6 

4548*2 

1 

21981 

957 

7 

4656*1 

2 

21943 

996 

8 

4569-2 

8 

21880 

1059 

9 

4575‘3 

8 

21850 

1088 
or e2856 

10 

4586*4 

3 

21798 

1141 

11 

4591 *8 

8 

21772 

1166 
or e2932 

12 

4606*1 

1 

21704 

1234 

13 

4611 2 

5 

21080 

1258 

14 

4ol5*4 

1 

21661 

1277 

15 

4633*7 

5 b 

21575 

1363 

16 

4652 7 

10 b 

21487 

1451 

: 

17 

4976*4 

5 

20089 

2849 

18 

4995*2 

8 b 

20014 

2925 
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emerging from a small aperture. Owing to the considerable 
continuous spectrum of Heraus quartz mercury arc used, it was 
absolutely essential to cut off all stray light even at the sacrifice 
of scattered light. This made the spectra rather weak even after 
24 hours’ exposure but the results were considered sufficient for a 
preliminary report. The results of the wave-length measure¬ 
ments are given in the Tables I and II. 


Table III. 

Decaline. 


Cis. Trans* 


Trans. 


Bonino. 


406 (6) 
492(3) 
639(0) 

695 (3) 
751 (5b) 
794 (1) 
848 (3) 
875 (1) 

992(0) 
1040 (2) 
1058 (3) 

1160 (10b) 

1256 (5) 
1270 (5) 
1347 (3b) 
1361 (3b) 
1447 (8) 
2861 (5b) 
2922 (5b) 


400 (5) 
496 (5) 


754 (4) 

849 (3) 
881(3) 
957 (1) 
996(2) 

1059 (8) 
1145 (3) 
1166 (8b) 
1234 (1) 
1258 (5) 
1277 (1) 

1363 (5b) 
1451 (10b) 
2849 (5) 
2925 (8b) 


402(4) 
490 (4: 

554 (4 
693 (5) 
753 (6) 
804 (3) 
1851 (5) 


990(2) 
4046 (7) 


1165 (2) 

1260(8) 


1360 (4) 
1448 (10) 
2856 
2922 
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From Table III showing the comparison of the data with 
that of Bonino 4 (with his visual intensities multiplied to bring 
up in line with those of the author given within brackets) it is 
clear that the shifts 539 (0), 595 (3), 794 (1), 1040 (2), 1270 (5), 
1347(36) are characteristic of cis and 495 (5), 881 (3), 957 (1), 
996 (2), 1145 (3), 1234 (1), 1363 (56) are characteristic of trans 
decaline. A most striking comparison of these observations with 
the data of Miller and Piaux 3 for cis and trans ortho dimethyl 
cyclohexane lies in the fact that the shifts 537 cm." 1 and 
593 cm. -1 occur in their cis and 498 in trans compounds. 
1053 cm. -1 and 1260 cm. -1 occur in cis and 1164 and 1355 in 
trans. That there is a resemblance in the structure of these 
compounds is at once apparent from the fact that decaline ring is 
ortho substituted cyclohexane, the cis trans positions in which 
are also similary configurated to that of dimethyl cyclohexane. 
In view of the persistence of group frequencies 6 with increasing 
complexity of compounds it appears that the compounds isolated 
by Miller and Piaux are more likely to be the * cradle and chair ’■ 
forms of the cyclohexane derivative in addition to being space 
isomers. 

The smaller number of frequencies for the trans compound 
in the region of short shifts which are usually due to oscillation 
of the ring is in harmony with the idea that the trans com¬ 
pound is more symmetrical. 

The fact that the shift 750 cm. -1 is broad in the spectra 
of the mixture of cis and trans decaline shows that the character¬ 
istic frequencies of two fused rings for the two decalines are 
apparently slightly different^ that of cis being smaller than the 
shift due to trans. 

Attempt is being made to find evidence for the existence of 
the two possible forms of cyclohexane by studying the Baman 

1 Attd. Accad. Lincei., 13, 784 (1931). 

B Comptes Bendas, 197, 412 (1933). 

6 Recently Mukerjee (Nature , 134, 811, 1934) has reported several weak lines in the 
Baman spectrum of decaline which correspond to some of the shifts observed in cyclohexane* 
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effect of pure cyclohexane r (m.p. 6 *4°) and the same treated with 
aluminium chloride as suggested by Zelinskii. 7 Although such 
treatment converts cyclohexane into methyl pentane, it should be 
possible to stop the transformation to trans stage provided such 
stage exists. Study of Raman effect should prove most useful in 
this direction, particularly in view of the conclusion of Wierl 8 
based upon electron interference measurements, that cyclohexane 
is an equilibrium mixture of the cis and trans forms. 

The experimental work was done by the author when he 
was temporarily transferred to Physics Department and the 
thanks of the author are due to Sir C. V. Raman for the faci¬ 
lities given. 


Department op General-Chemistry, 
Indian Institute op Science, 
Bangalore. 


7 Ame. Chem. Abstr., 2429,1938* 

8 Ann. der Physik, 8, 559,1931 ; 13, 453,1932. 
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A Bibliography of the Raman Effect. Part III. 

By 


S. C. SlRKAR AND DwiJESH CHAKRAVARTY. 

Palit Laboratonj of Physics, University of Calcutta. 

Plan of the Bibliography. 

This bibliography is in continuation of the earlier one 
(Ind. J. Phys., 7, 431, 1932), which again was in continuation 
of a still earlier one (Ind. J. Phys., 5, 257, 1931). A few of 
the papers published in 1931 and during the first half of the 
year 1932, which were not included in the second part of this 
series of bibliographies through oversight, have now been 
included in the present one. 

The plan adopted in the classification of the various papers 
under different subject headings is the same as in the earlier 
bibliographies but a single alteration has been made regarding 
the subject headings. The subject heading in the section Y in 
the earlier bibliographies was “ Incoherence” but in the present 
one it is “ Isotope Effect.” 

In the author index, against the name of each author are 
given the letters of the alphabet indicating the sections in which 
his name appears. 

An index of all the substances studied is aiso given. The 
inorganic substances are arranged alphabetically and the organic 
ones are arranged, as far as possible, according to the plan 
adopted in the i( ‘ International Critical Tables.” 
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SPECIAL MONOGRAPHS 


1. Botjrguel, M. 


2. Kohlratjsch, K. 

W. F. 

3. SlRKAR, S. G. 

4 a Placzek, Or. 


A 


Special Monographs. 

Application of the Raman effect in organic 
chemistry. Bull. Soo. Chim. de 
France, 53, 1 (1933). 

I. Introduction. Spectra of mixtures, 
empirical classification of frequencies. 
Frequencies characteristic of groups. 
Enol form, oxylacton form, mixtures of 
isomers. Quantitative spectral analysis. 

II. Structure of molecules (carbon di¬ 
oxide, nickel carbonyl, isonitrile, iso¬ 
cyanate, tbioisocyanate, alien, C0 3 
ion, CO a , N0 2 groups). Influence of 
constitution. C—H frequencies, ben¬ 
zene. 

III. Experimental technique. 

Quantum effects in scattering of light. Die 
Physik, 2, 177 (1934). 

A bibliography of the Raman effect. 
1930-32. Ind. J. Phys., 7, 431 (1932). 

Rayleigh scattering and Raman effect. 
Marx, Handbuch der Radiologic, 6, 
Part II 2nd Edition, 1934. 
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1. Bhaoavantam, 

8 . 

2. Hibben, J. H. 

8. Kohlbausch, K. 
W. F, 

4. 

5. 

6a ,, 

7. Weigle, J. 

8. Wiiler, J. 

9. 

10 . - 


B 

Journal Articles. 

Light scattering and Baman efiect. Current Science, 8 , 5%6 

(1933). 

The Baman efiect. Applications and Indust. Eng. Chem., 26, 
present limitations in petroleum che- 646 (1934). 
mistry. 

Smekal-Raman efiect and molecular Naturwiss, 22 ,161 (1934). 
structure. 

„ „ „ 22, 181 (1934). 

„ „ „ „ 22, 196 (1934). 

Baman spectra and organic chemistry. Z. f. Elektrochem, 90,499 

(1934). 

Baman efiect of polyatomic molecules. Arch. des. Sc., II, 82 

(1932). 

Baman efiect of inorganic substances. Naturwiss., 23, 125 

(1935). 

„ „ „ „ 23,139 (1935). 

Baman spectra and chemistry. (Report Nature, 131, 263 (1933). 
on the discussions held by the Chemical 
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SUBSTANCE INDEX 

Inorganic 


A 

Acetic acid (sol.), N 7. 

Air (liquid), L 19. 

Aluminium chloride (sol.), N 16. 

,, nitrate M 20 ; R 45. 

,, ,, (molten) M 20. 

„ ,, (sol.) M 20 ; N 26, 85. 

,, sulphate (sol.), N 16,35 

Ammonia (gas) G 10; H 2, 11, 15 ; B 19, 27. 
„ (sol.) H 25 ; N 43 ; Q 14. 

„ (solid) L 19. 

Ammonium bromide, Q 7. 

,, chloride, L 15 ; Q 7 ; R 50. 

„ ,. (sol.) N 31, 33. 

,, iodide, Q 7. 

nitrate, L 9,14, 15 ;R 45,50. 

„ „ (sol.), G9 ; L 9, 14 ; N 12, 

13, 22, 26,30, 31,33. 
,, perchlorate T 75. 

selenate (sol.) N 8 ; R 20. 

,, sulphate L 15 ; R 50. 

,, „ (sol.) N 31, 33, 37. 

,, tartarate, T 83. 

Anglesite, L 10 ; R 44. 

Anhydrite, L 10; R 44. 

Antimony pentachloride, R 52. 

,, trichloride, R 28 ; T 90. 

,, „ (vap.) M 3. 

Aragonite, L 9. 

Arsenic tribromide, M 3 ; N 4. 

,, „ (vap.), M3. 

,, trichloride, G7, M3 ; N4 ; P 7; 

R 28, 73. 

,, „ (vap.), M3. 

,, trifluoride, R 28 ; 73. 


B 

Barium nitrate, L14 ; R 45. 

„ „ (sol.) G 9; L14 ;N 12,26,30. 

Bismuth nitrate, R 45 ; T 75. 

„ „ (sol.) N 26. 

,. trichloride, R 28. 


u 

Cadmium bromide, L 21 ; N 39. 

„ „ (sol.) L 21; N39. 

,, chloride, L 21 ; N 39. 

„ „ (sol.) L 21 ; N 36, 39. 

,, hexamine chloride, F 8 ; S 6. 

,, iodide, L 21 ; N 39. 

„ „ (sol.) L 21 ; N 4, 89. 

,, nitrate, M 20. 

,, ,, (molten), M 20. 

„ „ (sol.) G 9 ; M20 ; N 12, 18. 

,, ., sulphate (sol.) N 37. 

Caesium nitrate, L 9. 

„ „ (sol.) L 9 ; N 25, 26. 

,, tartarate, T 83. 

Calcite, F 24 ; G 5 ; L2, 16, 23 ; Q9. 

Calcium chloride (sol,), N 36. 

,, nitrate, FI ; L14. 

,. ‘ „ (sol.) G9 ; L 14 ; N 2, 12,13, 

30, 86. 

,, sulphate (sol.) N 87. 

Carbon dioxide, F 4, 5, 11,12 ; G 12, 18; H 
4, 8, 9, 13, 14, 17 ;I1, 12, 13; R 4, 18, 
17,18, 33, 34. 

,, (liquid), M 2, 10- 

„ (solid). M 10. 

Carbon monoxide, H 1,6 ; 18. 

Cerium chloride (sol.), N 5. 

„ nitrate R 45. 

„ „ (sol.), N 5. 

Ch/orosulphurous acid,R 88. 

Cupric nitrate (sol.), G9 ; N 12, 84. 

,, sulphate (sol.) N 84. 

D 

Deuterium, H3. 

Dihydrogen lead hexachloride, R 52. 

,, silicon hexafluoride, R 52. 

,, tin hexachloride, R52. 

Dilithium tin hexachloride, R 52. 

Disodium tin hexachloride, R 52. 

F 

Flourspar, L16, 
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G 

Germanium hydrogen trichloride, N 41; R 63. 
„ tetrachloride, R 25. 

Gypsum, G8; RIO. 

H 

Heavy water (vap.) I l'.l ; M 22 ; P 25, 26, 
27, 28, 29 ; T 101. 

Hydrobromic acid (cryst.), L 4,17,18. 

Hydrochloric acid (cryst.), L 4, 17,18. 

„ „ (sol.). N 36,42. 

Hydrogen, F 2 ; G 9. 

„ (ortho). Q 6. 

„ (para), Q 6. 

antimony hexachloride, R 52. 

,, bromide (cryst.), M 5, 16. 

„ chloride (gas), N 42. 

„ ,, (iiquid), N 42. 

„ ,, (cryst.), M 5, 16. 

,, iodide (gas). Q 2, 3. 

„ „ (liq ). M 6, 7. 

,, „ (solid), M 6, 7. 

I 

Ice, L 19 ; M 13 ; Q 14. 

Iodic acid (cryst.), L 7 

„ ., (sol.), L 7 ; N 24. 

Iron pentacarbonyl, R 15. 

L 

Lanthanum nitrate, R 45. 

„ „ (sol.), N 26. 

Lead nitrate (sol.), G 9 ; L14 ; N 12, 80. 

„ sulphate (sol.), N 37. 

Lithium chloride (sol.), N 36. 

„ nitrate, M 20. 

„ „ (molten), M 8, 20. 

„ „ (sol.), G 9 ; L14 ; M 20 ; 

N12, 30. 

„ tartarate, T 83. 

M 

Magnesium chlorate (sol.), N 86. 

„ chloride (sol.), N 86. 

„ nitrate, L 14 ; M 20 ; R 45. 

,, „ (molten), M 20. 

„ „ (sol.). G 9 ; M 20 ; N 12, 

26,80, 86. 


Magnesium selenate, L 7. 

„ „ (sol.), L 7 ; N 8 ; R 20. 

,, tin hexachloride, R 52. 

Manganous nitrate, R 45. 

„ (sol.), N 26. 

Mercuric bromide (molten), M 3. 

„ „ (vap.), M 3. 

„ chloride (molten), M 3. 

,, ,, (sol.), N 4. 

„ ,, (vap.), M 3. 

„ iodide (sol.), N 4. 

„ „ (vap.) M3. 

,, nitrate, R 45. 

„ „ (sol.), N 26,44. 

N 

Nickel carbonyl, R 15 ; S 1 ; T 10. 

Nitric acid, E 1 ; G 1, 9, 10 ; N 1 ; 0 1; 
P 10,19 ; R 3 ; T 59. 

Nitric acid, (sol.) N 12, 21, 23, 37. 

Nitric oxide, H 6 ; 13. 

Nitrogen tetroxide (solid), L 19 ; Q 14. 

Nitrosyl sulphuric acid, PI ; R 3. 

Nitrous oxide, F 4, 5 ; H 4, 8, 9 ; R 4, 34. 

0 

Oxygen, H 24 ; Q15. 

Orthophosphoric acid, P 19. 

Ozone, R 57. 

„ (liq.), L 19 ; .Q 14, 

P 

Phosphine, R 27, 72. 

Phosphonium iodide, 117 ; 42. 

Phosphoric acid, T 57. 

Phosphorus oxytrichloride, G 7. 

„ tribromide, G 7 ; R 28. 

,, trichloride, G7; M3; N 4; 

R 26, 28,73. 

„ ,, (vap.), M3. 

„ trifluoride, R 28, 72. 

Potassium carbonate, F 8 ; S 6. 

,, chromium cyanide, S 14. 

„ cobalt cyanide, S 14. 

,, dihydrogen phosphate, F 8, S 6. 

,, hydroxide, E 1 . 

,, iodate (cryst#), L 7. 

„ „ (sol.), L 7 ; N 24. 

„ niokelic cyanide, 8 14. 

„ niokelous cyanide, 8 14. 
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Potassium nitrate, L 9, 14, 20 ; M 19, 20 ; 
R 45, 

,, ,, (molten), L 20; M 8,19, 20. 

„ „ (sol.), G9, M 19, 20 ; 

N 12, 30, 38. 

,, perchlorate, T74. 

,. rhodanide, R 34, 35. 

„ „ (ion) G 18,14 ; I 14. 

,, rhodium cyanide, S 14. 

,, rhuthenium cyanide, S 14. 

,, selenate, L 7. 

,, ,, (sol.) L 7 ; N 8 ; R 20. 

,, sulphate (sol.), N 10, 37. 

,, tartarate, T 88. 

Q 

Quartz, F 16, 24 ; L 11, 22, 23 ; Q 8, 9 ; 
R 64, 05, 06. 

R 

Rock salt, LI ; 6, 10. 

Rubidium nitrate, L 9. 

„ (sol.), L 9 ; N 25. 

,, tartaiate, T 83. 

S 

Selenic acid, L 7 ; N 8 ; R 20. 

Selenium hexafluoride (liq.), M 24 ; R 74. 

,, . (gas), M 24. 

Silicon hydrogen trichloride, N 41; R 26, 63. 

,, tetrachloride, F 9 ; G 7. 

Silver nitrate, M 20. 

,, ,, (molten), M 20. 

„ „ (sol.), G 19; M 20; N 12, 13. 

Sodium acetate (sol.), N 17. 

,, azide, R 34, 35. 

„ „ (ion), G 13, 14 ; 114; N 18, 19. 

,, bisulphite (sol.), N 6. 

,, cadmium bromide (sol.), N 4. 

,, ,, iodide (sol) N 4. 

,, nitrate F 8; L 2, 9,14, 20 ; M 15, 19, 
20; R 45 ; S 6. 

,, ,, (molten), L 20 ; M 15, 19, 20. 

„ „ (sol.) G 9, 10; L 9, 14; 

M 15, 19, 20 ; N 9, 12, 17, 26, 29, 30, 38. 
Sodium perchlorate, F 8 ; S 6 ; T 74. 

,, selenate, L 7. 

„ „ (sol.), L 7 ; N 8 ; R 20. 

,, sulphate, F 8 ; S 6. 

,, tartarate, T 83. 


Stannic chloride (sol.), N 14. 

Strontium chloride (sol.), N 36. 

,, nitrate, L 14. 

„ „ (sol.), L 14; N13, 30. 

Sulphur (cryst.) M 21. 

,, (molten), M 21. 

Sulphur dioxide, G 7. 

„ (liq ), H 20. 

,, hexafluoride (liq.), M 23. 

„ „ (gas), 18 ; M 23 ; R 16, 74. 

Sulphuric acid, El ; G 1, 10 ; P10, 19 ; R3, 
37 ; T 57. 

„ „ (sol.) N 3, 7, 20, 21, 28, 32, 

37, 45. 

Sulphur monochloride, R 38. 

Sulphurous acid (sol.), N 7. 

Sulphuryl chloride, G 7 ; R 38. 

T 

Tellurium hexafluoride (liq.), M 24 ; R 74. 

,, ,, (gas), M 24. 

,, nitrate, M 20. 

,, ,, (molten), M 20. 

,, ,, (sol.), M 20. 

Thallous nitrate (sol.), N 44. 

,, ,, (selenate), L 7. 

„ (sol.), L 7 ; N 8 ; R 20. 

Thionyl chloride, G 7 ; R 38. 

Tin chloride, T 90. 

,, hydrogen trichloride, N 41 ; R63. 

| ,, tetrachloride, G 7. 

1 >> ,, (vap.), M 3. 

| Titanium tetrachloride, G 7. 

W 

Water, E 5, 6, 7, 28 ; G 6, 7, 21 ; H 16 ; 

I 15,20 ; M 4, 13 ; N 36 ; O 2, 5, 6, 7 ; 

P 3, 4, 8, 9, 18 ; Q 5, 10, 11 ; T 79. 

Water (vap.), Ml, 11 ; R 8. 

Z 

Zinc bromide, L 21 ; N 89, 

>> ,, (molten), M 18. 

„ „ (sol.), L21 ;N89. 

,, chloride, L 21 ; N 89. 

» ,, (molten), M 18. 

.. „ (sol.), L 21 ; N 10, 39. 

,, hexamine chloride, F 8; S 6. 
f t nitrate, M 20. 

11 „ (molten), M 20. 

11 „ (sol.) G9; M20 ; N12, 18 
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Organic. 


CBr»EO a 

Bromopicrin 

T 01. 

CCI 3 D 

Deutero chloroform 

E 51; T 91. 

CC1 3 N0 2 

Chloro picrin 

T 61. 

CC1 4 

Carbon tetrachloride 

E 6 , 13, 22 ; F 9, 15, 17, 
18 ; G 7, 18, 23 ; H 19 ; 
M 12 ; 0 8 ; Q 14. 

cn 4 o 8 

Tetranitro methane 

T 61. 

cs 2 

Carbon disulphide 

E 1, 20 ; F 14, 17, 18, 20 ; 
G 1 , 7, 10, 16 ; H 19, 
20 ; M 12 ; N 12 ; R 13, 
34, 36, 38 ; T 102. 


» (vap.) 

X 9. 

CHBrCl 2 

Dichlorobromomethane 

T 37. 

CHBr 3 

Bromoform 

F 9 ; G 7. 

CHCI 3 

Chloroform 

E 30 ; F 9 ; G 7, 23 ; 

X 41 ; R 26, 51, 63. 


CHN Hydrogen cyanide 

CH 2 Br 2 Methylene bromide 

CH 2 C1 2 Methylene chloride 

CH a O Formaldehyde 

CH 2 O s Formic acid 

CH 3 Br Methyl bromide 

CH S C1 Methyl chloride 

CH 3 DO Deutero methanol 

CH 3 F Methyl fluoride 

CH 3 I Methyl iodide 

CH 3 N0 3 Methyl nitrate 

CH 4 Methane 

(solid) 

CH 4 O Methyl alcohol 


R 4. 

G 7, 30 ; T 97. 

E 32 ; G 7, 29 ; T 96. 

T 38. 

E 1 ; F 17 ; II 7 ; T 39. 

G 7 ;E 1 . 

G7 ; El. 

T 91. 

E 1 . 

G 7 ; 117 ; L 12 ; El. 

T 14, 58. 

H 5, 15 ; E 55. 

L19 ; Q 14. 

E 1 ; G 1 , 23 ; N 11 ;P14, 
19, 23 ; T 67, 102. 


CH 9 N 

C 2 Br 2 N 2 

C 8 C1 s N 2 

C 2 C1 2 0 9 

C 2 01 s N 

C3C14 

C 2 C1 4 0 

C S D S 

C 2 D 2 C1 2 

c 2 d 2 ci 2 


Methyl amine G 7. 

Cyanogen bromide B 26. 

Cyanogen chloride R 26. 

Oxalyl chloride T 44. 

Trichloro acetonitrile G 32. 

Tetrachloro ethylene G 23. 

Trichloro acetyl chloride T 82. 

Heavy acetylene R 24 ; T 17. 


cfc-Deuterium dichloro-ethylene T 98. 
<mn 8 -Deuterium dichloro ethy- T 98. 
lene 
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C a D 9 Cl 4 

Tetrachlor deuterium ethane 

T 98. 

c 9 i 9 

Di iodo acetylene 

N 10 ; R 22. 

c 8 i 2 n„ 

Cyanogen iodide 

B 68. 

CjHCuN 

Dichloro acetonitrile 

T 32. 

C a HCl 3 

Trichloro ethylene 

G 28. 

c 9 hci 3 o 

Chloral 

0 21 ; T 32, 79. 

o 9 hci 8 o 

Dichloro acetyl chloride 

T 32. 

C a HC]„Oo 

Trichloro acetic acid 

0 21 ; T 81, 39, 79. 

0 a H, 

Acetylene (gas) 

H 15 ; E 4, 23, 55. 

C 3 H 8 C1N 

„ (liquid) 

P 13. 

Chloro acetonitrile 

T 32. 

C 2 H 2 C1 3 

ci«-Dichloro ethylene 

T 81, 82, 97, 98. 

0 8 h 2 ci 3 

trans-Dichloro ethylene 

T 81, 82, 97, 98. 

c 2 h 2 ci 9 

Diohloroethylene 

G 19, 30 

C a H 2 Cl g O 

Diohloro acetaldehyde 

T 32. 

C 2 H a Cl 2 0 

Chloro acetyl chloride 

T 32. 

OgH^CljOj 

Dichloro acetic acid 

T 81, 39. 

C 2 H 2 C1 4 

Acetylene tetrachloride 

G10. 

o 2 h 2 ci 4 

Tetrachloro ethane 

T 98. 

c 2 h 2 o 4 

Oxalic acid 

L 13 ; N 27’ 

„ (sol.) 

L 18. 

C 2 H 3 BrO a 

Bromo acetic acid 

T 81. 

C 2 H 3 C10 

Acetyl chloride 

T 41. 

c 2 h 3 cio 9 

Monochloro acetic acid 

P 21 ; T 39, 79. 

c 2 h 3 oio 9 

Methyl chloroformate 

T 41. 

c 2 h 3 ci 3 

c 2 h 3 ci 3 

1 , 1, 2-Trichloro ethane 

T 7. 

1 ,1,1-Trichloro ethane 

G 10 ; T 37 

0 9 H s C1 3 0 9 

Chloral hydrate 

P 21, T 79. 

C a H 3 NO 

Methyl isocyanate 

T 51. 

C 2 H 4 

Ethylene 

H 15, 21, B55. 

C«H 4 Br a 

Dibromo ethane 

B 39. 

C 2 H 4 Cl a 

Dichloro ethane 

P 20, B 39 ; T 37. 

c 9 h 4 o 

Ethylene oxide 

T 53. 

o 9 h 4 o 

Acetaldehyde 

T 88. 

c 2 h 4 os 

Thioacetic acid 

T 15. 

o 2 h 4 o 3 

Acetic acid 

F 17 ; G 23 ; H 20 ; 0 8, 
8 ; P 17, 21 ; T 89, 79. 

c 2 h 4 o 2 

Methyl formate 

118 ; T 40, 78. 

c 9 h 4 o 9 s 

Thioglycolic acid 

T 15. 

C 9 H 5 Br 

Ethyl bromide 

P 23. 

c 9 h 9 ci 

Ethyl chloride 

810. 

0 9 h 5 i 

Ethyl iodide 

T 76. 

o 9 h 9 no 3 

Ethyl nitrate 

T 14, 58. 

c 9 h 6 

Ethane 

H 15. 

C a H e Hg 

Mercury dimethyl 

B 47. 

C 9 H e O 

Dimethyl ether 

121 . 

O a H e O 

Ethyl alcohol 

E 4; G 23; N 11; 0 8; 
P 5, 6, 14, 19, 21; B5; 


T 57, 79, 102. 
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C a H 6 O a 

Glycol 

T 37. 

OiH e S 

Methyl sulphide 

R 38. 

C a H 6 S0 3 

Methyl sulphite 

R 38. 


Dimethyl trisulphide 

R 46. 

C a H 6 Zn 

Zinc dimethyl 

R 47. 

C 2 H 8 N 8 

Ethylene diamine 

T 37. 

c 8 h 4 

Allene 

T 8, 49. 

c 3 h 4 

Methyl acetylene 

H 12; R 21; T 16. 

C 3 H 4 Br 2 

2, 3 Dibromopropylene 

T 51. 

c 3 h 4 ci 2 

1 , l-Dichloropropylene-2 

T 33. 

c 8 h 4 ci 2 

1 , 3-Dichloropropylene-2 

T 33. 

c 3 h 4 ci 2 o 

Dichloro acetone 

T 32. 

c 3 h 4 o 

Propargylic alcohol 

T 23. 

c 3 h 4 o 3 

Carbonic acid dimethyl ester 

T 43. 

c 3 h 4 0 3 

Pyruvic acid 

T 43. 

CjHjBr 

Bromomethyl ethylene oxide 

T 53. 

C 3 H 5 Br0 2 

Methyl bromoacetate 

N 10; T 31. 

C 3 H ft Br 3 

Tribromohydrin 

T 51. 

o 3 h 5 ci 

Allylchloride 

S 10. 

c 3 h 5 ci 

Chloromethyl ethylene oxide 

T 53. 

c 3 h 5 cio 

Chloroacetone 

T 32. 

c 3 h 4 cio 

Propionyl chloride 

T 41. 

C 3 H s C10 2 

Ethyl chloroformate 

T 41. 

c 3 h 3 cio 2 

Methyl chloroacetate 

T 31. 

C h H 3 NO 

Ethyl isocyanate 

T 51. 

c'h 0 oi 2 

2, 2-Dichloro propane 

T 37. 

c 3 h 6 ci 2 

1 , 1-Dichloro propane 

T 37. 

c 3 h 6 o 

Acetone 

E 30; F 17 ; G 23, 27; 

T 38. 

c 3 h g o 

Propion aldehyde 

T 38. 

(' 3 H 6 0 2 

Propionic acid 

T 89. 

c 3 h 6 o 2 

Ethyl formate 

I 18; T 40, 78 

c 3 h 6 o 2 

Methyl acetate 

I 18; T 31,40, 78. 

c 3 h 6 o 2 

Glycide 

T 53. 

c 3 h 7 ci 

n-Propyl chloride 

G 23, S 10. 

c 3 h 7 ci 

Isopropyl chloride 

S 10. 

c 3 h 7 i 

Propyl iodide 

T 76. 

C 3 H 7 N0 3 

n-Propyl nitrate 

T 14, 58. 

c 3 h 7 no 3 

Isopropyl nitrate 

T 14. 

c 8 h 8 

.Propane 

R 32. 

c 3 h 8 o 

n-Propyl alcohol 

P 19; T 57, 102. 

c 3 h 8 0 

Isopropyl alcohol 

P 19; T 57. 

c 3 h 8 o 3 

Glycerine 

E 1, 2. 6, 14, 19; F 17; 


G 1; P 15; T 2. 

C s H 9 Br 

Bismuth trimethyl 

R 47. 

C 4 HC1 3 S 

2, 8, 5-Trichloro thiophene 

R 6. 

c!h 4 

Diacetylene 

R 59. 

o 4 h 4 

. Vinyl acetylene 

H 12; R 21. 

C 4 H 4 Br 8 S 

2 , 5-Dibromo thiophene 

R 6*. 

c 4 h 4 o 

Furan 

R 6; T 18. 

c 4 h 4 o 

Acetylenic ethylene oxide 

T 53. 

c 4 h 4 o 3 

Succinic anhydride 

T 60, 
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c 4 h 4 s 

Thiophene 

B 6; T 99. 

c 4 h 3 n 

Pyrrole 

T 6. 

c 4 h 5 n 

Vinyl acetonitrile 

T 80. 

c 4 h 3 n 

Croton acetonitrile 

T 80. 

c 4 h,n 

Iso'croton acetonitrile 

T 80. 

o 4 h 3 no 

2-Furylamine 

R 6. 

c 4 h 3 no 8 

Succinimid 

T 50. 

c 4 h 6 

Dimethyl acetylene 

H 12; B 21 ; 8 9. 

c 4 h 6 

Methyl allene 

T 8. 

c 4 h 6 ci 2 

Dichloro butene-1 

T 33. 

c 4 h 6 n 8 o 

Dimethyl furazane 

T (52, (53. 

c 4 h 6 n 2 o 

Dimethyl oxdiazole 

T 62, 68. 

c 4 h 6 o 

Croton aldehyde 

P 14; T 26. 

c 4 h 6 o 

Methoxy 8-propyne*l 

T 23. 

c 4 h 6 0 2 

Diacetyl 

T 27, 44. 

C 4 H 6 0 3 

Acetic anhydride 

P 21 ; T 50, 79. 

c 4 h 6 0 4 

Oxalic acid dimcthylester 

T 43. 

C 4 H 7 Br0 2 

Ethyl bromoaoetate 

T 81. 

C 4 H 7 CIO 

n-Butyryl chloride 

T 41. 

c 4 h 7 cio 

Isobutyryl chloride 

T 41. 

c 4 h 7 cio 2 

Ethyl chloroacetate 

T 31. 

C 4 H 7 C10o 

n-Propyl chloroformate 

T 41. 

c 4 h 7 no “ 

Isopropyl isocyanate 

T 51. 

c 4 h 7 no 2 

Diacethylimid 

T 50. 

c 4 h 8 ci 2 

1 , 1-Dichloro butane 

T 37. 

c 4 h 8 ci 2 

1 . 1-Dichloro isobutane 

T 37. 

c 4 h 8 o 

c/s Crotonyl alcohol 

T 2(5. - 

c 4 h 8 o 

tram s-Grotonyl alcohol 

T 20. 

c 4 h 8 o 

Ethyl ethylene oxide 

T 53. 

c 4 h 8 o 

Dimethyl ethylene oxide 

T 53. 

c 4 h 8 o 

n-Butaldehyde 

T 38. 

c 4 h 8 o 

Isobutaldehyde 

T 38. 

c 4 h 8 0 

Methyl ethyl ketone 

G 23, T 38. 

C 4 H 8 O a 

n-Propyl formate 

I 18; T 41, 78. 

c 4 h 8 0 2 

Isopropyl formate 

T 41. 

c 4 n 8 o 2 

Ethyl acetate 

G 23; 118; T 81, 40, 78. 

C 4 H 8 0 2 

Methyl propionate 

I 18; T 40, 78. 

c 4 h 8 o 2 

Aldol 

P 14. 

c 4 h 8 o 3 

n-Butyric acid 

T 39. 

c 4 h 8 0 2 

Isobutyric acid 

T 39, 52. 

C 4 H 9 Br 

n-Butyl bromide 

R 11; 8 4; T 102, 

C 4 H 9 Br 

Isobutyl bromide 

T 52. 

C 4 H 9 C1 

n-Butyl chloride 

S 10 

c 4 h 9 ci 

Isobutyl chloride 

S 10; T 52* 

c 4 h 9 ci 

aec-Butyl chloride 

810 . 

c 4 h 9 ci 

fert-Butyl chloride 

S 10. 

c 4 h 9 i 

Isobutyl iodide 

T 52, 76. 

c 4 h 9 no 

Methyl ethyl ketoxime 

S 2, 8; T 5, 

c 4 h 9 no 2 

Isobutyl nitrite 

T 52. 

c 4 h 9 no 3 

Butyl nitrate 

T 58. 

c 4 h 9 no 3 

Isobutyl nitrate 

T14. 
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C 4 H 10 

n-Butane 

R 32; TOO. 

CWo 

Isobutane 

R 32. 

C 4 H 10 Hg 

Mercury diethyl 

R 47. 


Diethyl ether 

F 17; G 23; 121; Q 1 

^4^1 oO 

n-Butyl alcohol 

F 17; P 19; S 12; T 
57, 73, 102. 

®4^1o0 

Isobutyl alcohol 

T 52. 

C 4 H 10 O 

acc-Butyl alcohol 

S 12; T 52, 73. 

^4^ioO 

tert -Butyl alcohol 

P 19; S 12 ; T 57, 73. 

^4® 10 ® 

Ethyl sulphide 

R 38; T 15. 

C 4 H l0 S 

Isobutyl mercaptan 

T 52. 

C 4 H 1 qS 

sec-Butyl mercaptan 

T 36. 

^^qS 

tert - Butyl mercaptan 

T 36. 

c 4 h 10 so 3 

Ethyl sulphite 

R 38. 

C 4Ht 0 S 2 

Sulphur monoethyl 

R 38. 

^4^10^3 

Diethyl trisulphide 

R 46. 

C 4 H 10 ZI 1 

Zinc diethyl 

R 47. 

c 4 h, ,n 

n-Butyl amine 

T 4, 37. 

c 4 Hl,N 

Isobutyl amine 

T 52. 

c 4 h u n 

ssc-Butyl amine 

T 4, 36. 

C 4 H, 2 0 4 Si 

Silicic acid methyl ester 

T 93. 

C 4 H 18 Su 

Tin tetramethyl 

R 47. 

C 4 H, 2 Pb 

Lead tetramethyl 

It 14, 15. 

C 5 H 3 CI 

a-Furoyl chloride 

T 56. 

C 3 H 4 C 1 N 

a-Cbloropyridine 

T 69. 

c 3 h 4 o 2 

Furfural 

T 50, 56. 

c,h 4 0 2 

Fural 

T 18. 

c 5 h 5 n 

Pyridine 

T 45. 

c 3 h 3 no 

a- Py rrolaldehy de 

R 7. 

O 3 H 0 

Cyclopentadiene 

S 15. 

c 3 h 6 n 2 o 

a-Pyrrol aldoxime 

R 7. 

CjHgO 

a-Methyl furan 

T 56. 

c 3 h 6 0 2 

Furfur alcohol 

R 6 ; T 56 

c 3 h 6 o 3 

Monomethyl succinic anhydride 

T 50. 

C 3 H 6 S 

2-Methyl thiophene 

R 6 . 

c 3 h t cio 8 

Chlorallyl acetate 

T 33. 

c 3 h 7 n 

n-Methyl pyrrole 

R 7; T 6 . 

c 3 h 8 

Methyl ethyl acetylene 

S 9. 

c 3 h 8 

Cyclopentene 

T 19, 85. 

c 3 h 8 

1 , 1 -Dimethyl allene 

T 8 . 

Cr.H 8 

1 , 3-Dimetbyl allene 

T 51. 

C 3 H 8 

Ethyl allene 

T 51. 

c 3 h 8 

Isoprene 

T 8 . 

o 5 h 8 n 2 o 

1 , 2, 5- Ethyl methyl furazane 

T 62, 63. 

o 5 h 8 o 

Cyclopentanone 

T 84. 

c 3 h 8 0 2 

Acetyl acetone 

T 27, 43, 45. 

c 5 h 8 0 3 

Pyruvic acid ethyl ester 

T 44. 

c 3 h 8 0 3 

Methyl acetoacetate 

T 44. 

c 3 h 8 0 3 

Levulinic acid 

T 43 

c 8 h 8 0 3 

Carbonic acid diethyl ester 

T 43. 

•C 0 h 8 o 4 

Dimethyl malonate 

T 50. 

,C 5 H 9 Br 

2-Bromo-8-methyl butene 

T 8 . 


14 
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CgHgBrOg 

Propyl bromoaoetate 

Tsi. 

CjH 9 Br0 2 

Isopropyl bromoaoetate 

T 81. 

C a H 0 CIO 

?i-Valeryl chloride 

T 41. 

C 8 H 9 CIO 

Isovaleryl chloride 

T 41. 

c 3 h 9 cio 

Pivalyl chloride 

T 41. 

c 8 h 9 ch> 

a-Methyl butyryl chloride 

T 41. 


Isobutyl chloro formate 

T 41. 

0 8 H 9 C 10 8 

n-Propyl chloroacetate 

T 31. 

CjH 9 CIOj 

Isopropyl chloroacetate 

T 81. 

C a Hi 0 

Trimethyl ethylene 

T 8 . 

C a H 10 

1 -Methyl ethyl ethylene 

T 8 . 

C,H ln 

Pentene-2 (cis and trans) 

T 7. 

C n Hj o^lj 

1 , l-Dichloro*pentane 

T 87. 

C ft H 10 Cl 9 

1 , 1 -Dichloro isopentane 

T 37. 

C 8 H| 0 O 

n-Valeric aldehyde 

T 38. 

C,H 10 O 

Isovaleric aldehyde 

T 38. 

C a Hi 0 0 

Pivalic aldehyde 

T 38. 

^sHioO 

Diethyl ketone 

T 38. 

c 5 h 10 o 

Methyl propyl ketone 

T 38. 

^sHioO 

Methyl isopropyl ketone 

T 38. 

c 5 H 10 o 

Cyclopentanol 

T 85. 

C s Hi 9 0 

Vinyl ethyl carbinol 

T 51. 

CsHio^a 

Ethyl propionate 

G 23; I 18; T 40, 78. 

CsH 10 O 8 

n-Propyl acetate 

I 18; T 31. 78. 

C 8 H 10 O g 

Isopropyl acetate 

F 17; T 81. 

C 8 Hx 0 0 2 

Methyl butyrate 

I 18; T 40, 78. 

C 8 Hx 0 O 8 

Methyl isobutyrate 

T 40. 

CsHi 0 02 

n-Butyl formate 

I 18; T41, 78. 

CaH 10 O 2 

Isobutyl formate 

T 41. 

^3® 10®2 

sec-Butyl formate 

T 41. 

^sHio^a 

Dimethyl acetic acid methyl 
ester 

T 43. 

C a H 10 0 2 

Tetrahydro-a-furfurylalcohol 

T 08 . 

C5H10O3 

n-Valerio acid 

T 39. 

CsHioOa 

Isovaleric acid 

T 39. 

c 5 H 10 o 8 

sac-Valeric acid 

T 39. 

CaHjo^a 

tert* Valeric acid 

T 39. 

C a Hxx 

Methyl-3-pentene-2 

S 13; T 92. 

CjjHxxBr 

n-Amyl bromide 

B 12; S 5. 

C 8 HnBr 

Isoamyl bromide 

B 12; S 5. 

C # Hi jCl 

n-Amyl chloride 

D 4; B 12; S 5, 10. 

C 8 HtiC1 

Isoamyl chloride 

B 12; S 5, 10. 

C 8 H,xC1 

terU Amyl chloride 

S 10 . 

C 5 H,iC1 

Monochloro tetramethyl me¬ 
thane 

D 4. 

C 8 HxxC 1 

/3-Methyl butyl chloride 

T 37. 

C 8 H u 01 

2-Chloro pentane 

T 87. 

C 8 H,xC1 

3-Chloro pentane 

T 87. 

C 8 H,xD 

Neopentyl deuteride 

B 49. 

c 8 h 12 o 

n-Butyl carbmol 

S 12; T 78. 

OjHjjO 

Isobutyl carbinol 

S 12; T 78. 

c 8 h, 8 o 

aec-Butyl carbinol 

S 12; T 86 , 73. 
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c 5 h 13 ° 

^er^-Butyl carbinol 

T 36, 

c 3 h 13 o 

Methyl n-propyl carbinol 

S 12; T 36, 73. 

c 5 h 12 o 

Methyl isopropyl carbinol 

T 36. 

0 5 h 12 0 

Diethyl carbinol 

8 12; T 36. 73. 


Dimethyl ethyl carbinol 

S 12; T 73. 

C 3 H 12 0 

Phenyl cinnamyle 

T 47. 

^ 3 H j 2 S 

w-Amyl mercaptan 

R 11, 12; S 4, 5 

°S H 12 S 

Isoamyl mercaptan 

R 12; 8 5; T 15. 

UjUj 2 S 

tert-Amyl mercaptan 

T 36. 

c 5 h, 3 n 

n-Amyl amine 

R 12 ; S 5. 

c 5 h I3 n 

Isoamyl amine 

R 12 ; 8 5. 

o 5 h„i 

n-Amyl iodide 

R 12; S 5. 

C 3 H 1x I 

Isoamyl iodide 

R 12; S 5. 

c 3 h (1 1 

tert -Amyl iodide 

T 52. 

c 3 h, 1 n 

a-Methyl pyrrolidin 

T 6. 

C 5 H,j no 

Methyl-o-methyl ketoxime 

8 2. 

C 0 H,, NO 

Methyl-n-propyl ketoxime 

S 2, 3; T 5. 

C 5 Hh N0 2 

Methyl ethyl ketoxime-o-methyl 
ether 

S 3; T5. 

C 5 H u N0 3 

n-Amyl nitrate 

T 58. 

C 5 H n N0 3 

Isoamyl nitrate 

T 14. 

Cj)H 12 

Pentane 

R 32. 

c 3 h 13 

Isopentane 

T 52. 

^5®-l 2 

Tetra methyl methane 

D 4; T 88. 

C 3 H 12 N0 3 

Isobutyl nitrate 

T 52. 

c 5 h 12 o 

n-amyl alcohol 

R 12; 8 5; T 102. 

^5^120 

Isoamyl alcohol 

K 12; S 5. 

C 6 C1 6 

Hexachlorobenzene 

R 40; T 11, 70. 

c 6 D 6 

Deuterio benzene 

R 42. 

C fiHCl 5 

Pentachlorobenzene 

R 40; T 11, 70. 

o 6 h 2 oi 4 

1, 2, 3, 4-Tetracblorobenzene 

T 11. 

c«h 2 ci 4 

1, 2, 3, 5-Tetrachlorobenzene 

T 11. 

C 6 H 2 C1 4 

1, 2, 4, 5-Tetrachlorobenzene 

R 40; T 11, 70. 

CeH 3 Cl 3 

1 , 2, 3-Trichlorobenzene 

T 11. 

C 6 H 3 CI 3 

1, 2, 4-Trichlorobenzene 

R 40; T 11, 70. 

CjHjCIj 

1 , 8, 5-Trichlorobenzene 

T 11. 

C 6 H 4 BrCI 

o-Bromochlorobenzene 

T 49. 

C 6 H 4 BrCl 

m-Bromochlorobenzene 

T 49. 

C 6 H 4 BrCl 

p-Bromocblorobenzene 

T 49. 

C 6 H 4 C1F 

o-Chlorofluorobenzene 

T 49. 

c 6 h 4 cif 

m-Chlorofluorobenzene 

T 49. 

o 6 h 4 cif 

p-Chlorofluorobenzene 

T49. 

c«h 4 ci I 

o-Iodoohlorobenzene 

T 49. 

C 6 H 4 C11 

tn-Iodochloroben zene 

T 49. 

C 6 H 4 011 

p-Iodo chlorobenzene 

T 49. 

C 6 H 4 C1 3 

o-Dichlorobenzene 

T 11, 95. 

c 6 h 4 ci 3 

m-Dicblorobenzene 

T 11, 95. 

C 6 H 4 C1 3 

p-Dichlorobenzene 

T 11, 95. 

OeHnBr 

Bromobenzene 

G 7; T 42, 69. 

C 6 H 9 C1 

Chlorobenzene 

G 10, 17, 23; T 11,09. 

o 6 h 5 cio 

o*Chlorophenol 

T 49. 

c 6 h 8 010 

m-Chlorophenol 

T 49. 
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C e H s ClO 

p-Chlorophenol 

T 49. 

c 6 h 3 f 

Fluorobenzene 

F6; R40; T 9, 42 70, 71, 
77. 

0 6 h 5 i 

Iodo benzene 

T 69. 

C«H 5 N0 s 

Nitro benzene 

G 7; O 3, 9;P12,17;Q4. 

CgH e 

Benzene 

E 1, 3, 6, 8, 10, 11, 15, 


25; F 3, 7, 8, 9, 17, 

18. 19, 23; G 1. 7. 11, 
23,24,25; H 7, 10, 

19, 20, 28; I 9; 0 8; 
P 7, 11, 12, 16; Q 2, 
3,12, 13; R 67; T 21, 
102; Y 1, 2. 


C 6 H 6 C1N 

,, (solid) 

,, (vapour) 
o-Chloroaniline 

N 6. 

F 21, 22; H 22. 
T 49. 

c 6 h 6 cin 

m-Chloro aniline 

T 49. 

c 6 h 6 cin 

p-Chloro aniline 

T 49. 

c 6 h 6 o 

Phenol 

P 12; T42. 

CgH 6 0 8 

1 , 2-Dioxybenzene 

T 48. 

CgH 6 0 2 

1 , 3-Dioxv benzene 

T 48. 

c 6 h 6 0 2 

1 , 4-Dioxybezene 

T 48. 

GgH 0 0 2 

Diethylene oxide acetylene 

T 53. 

CgHgOg 

Iiesorcine 

N 15; T 27, 43. 

C 6 H g O :1 

1 . 2, 3-Trioxybenzene 

T 48. 

CgHgO, 

1 , 3, o-Trioxybenzene 

T 48. 

c 6 h 6 o 3 

Methyl-a-furoate 

T 56. 

c 6 h 7 n 

Aniline 

G 7. 

c 6 h 7 n 

Cyan-l-cyclopentene-1 

T 85. 

c 6 h 7 no 

a-Acetyl pyrrole 

R 7 ; T 6. 

C 6 H 8 

1, 3-Cyclohexadiene 

T 68. 

C 6 H 8 NONa 

Sodium acetophenoxime 

S 2. 

c 6 h 8 o 

2, 5-Dimethyl furan 

R 6. 

C 6 H 9 Br 

A-l-Cyclopentenyl bromoiuethane T 86. 

C e H 9 N 

2, 5-Dimethyl pyrrole 

R 7. 

c 6 h 9 n 

2 , 4-Dimethyl pyrrole 

R 7. 

c 6 h 9 no 

Acetophenoxime 

S 2. 

^6^10 

A! -Methyl-1 -cy clopentene 

T 20. 

CgHio 

Cyclohexene 

T 19, 102. 

OgHio 

Propyl allene 

T 8. 

GgHjo 

Methyl propyl acetylene 

S 9. 

C c H l0 

Ethyl methyl allene 

T 8. 

C 6 H 10 0 

Mesityl oxide 

T 43. 

C 6 H 10 O 

a-Methyl cyclopentanone 

T 84. 

CgHjgO 

/?-Methyl cyclopentanone 

T 84. 

CaH 10 O 

Cyclopentenyl methanol 

T 85. 

CgH 10 O 2 

Acetonyl acetone 

/3 t /? f -Dimethyl acrylic acid 

methyl ester 

Monomethyl acetyl acetone 

T 27, 43. 

C 8 Hj 0 0 2 

T 43. 

T 45. 

CgH J0 0 3 

Propionic anhydride 

T 50, 

CgH 10 O 3 

Levulinic acid methyl ester 

T 48. 
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^ 6 ^] 0 O 3 

Ethyla ceioaceiate 

T 44. 

CsH 10 O 4 

Diethyl malonate 

T 50. 

G 6 H 10 0 4 

Oxalic acid diethyl ester 

T 43. 

06Hio0 4 

Succinic acid dimethyl ester 

T 43. 44. 

c 6 h 10 s 

Allyl sulphide 

T 15. 

O e H n 

Methyl - 2 pentene -2 

S 13; T 92. 

C 6 H ll Br0 2 

Butyl bromoacetate 

T 31. 

CgHijCIO 

n-Caproyl chloride 

T 41. 

CgHj jCIO 

Isocaproyl chloride 

T 41. 

C 6 H 11 C10 

l-Chloro-3-ethoxy butene -1 

T 33. 

CgHj ,010 

a, a-Dimethyl butyryl chloride 

T 41. 

c 6 h u cio 2 

Butyl chloroacetate 

T 31. 

C 6 H u C10 2 

Isoamyl chloroform ate 

T 41. 

GeH! iN 0 2 

B ‘Amino crotonic acid ethyl ester T 44. 

c 6 h 12 

Tetramethyl ethylene 

T 28. 

Ge^l 2 

Hexene -1 

S 13 ; T 92. 

c 6 h ; 2 

cis-Hexene-2 

S 13 ; T 92. 

c 6 h 12 

fran8-Hexene-2 

S 13 ; T 92. 

c 6 h 12 

ci*8-Methyl-4-pentene-2 

S 13 ; T 92. 

C 6 H , 2 

frans-Methyl-4-pentene-2 

S 13 ;T 92. 

c 6 h 12 

Cyclohexane 

F 10 , 18; G 7, 25; H 
M 12; T 102. 

CgH] oO 

a-a-Dimethyl butyric aldehyde 

T 38 

GcH 12 0 

Caproic aldehyde 

T 38. 

C 6 H | 2 0 

Isocaproic aldehyde 

T 38. 

C g Hi 2 0 

Methyl butyl ketone 

T 38. 

GgSi 2 0 

Methyl isobutyl ketone 

T 38. 

c 6 h 12 o 

Methyl sec-butyl ketone 

T 38. 

c g h 12 o 

Methyl ferf-butyl ketone 

T 38. 

c 6 h 12 0 

p-Anethol 

T 29. 

GGH 1202 

n-Caproic acid 

T 39. 

CgH! 2 0 2 

Isocaproic acid 

T 39. 

c 6 H 12 o 2 

teri -Caproic acid 

T 39. 

GgHjjjO'jj 

Ethyl butyrate 

G 23; 118; T 40, 78. 

C 6 Hi 2 0 2 

Ethyl isobutyrate 

T 40. 

C 6 Hi 20 2 

Amyl formate 

T 41. 

C 6 H 12 0 2 

Isoamyl formate 

I 18; T 41, 78. 

c 6 h 12 02 

Methyl n-valerate 

T 40. 

C 6 Hi 2 0 2 

Methyl isovalerate 

T 40. 

c 6 h 12 o 2 

Dimethyl acetic acid ethyl ester T 44. 

c 6 h 12 0 2 

Butyl acetate 

I 18, T 31, 78. 

c 6 h 12 0 2 

Isobutyl acetate 

T 31. 

c 6 h ] 2 o 2 

sec butyl acetate 

T 31. 

Ge^iflGg 

Methyl ethyl acetic acid methyl 

ester 

T 40. 

c 6 H 12 o 2 

Trimethyl acetic acid methyl 


ester 

T 40. 

0 6 h 13 ci 

n-Hexyl chloride 

T 36. 

c 6 h 13 i 

n-Hexyl iodide 

T&7. 

CoH, 3 N0 

Methyln-butyl ketoxime 

S 3; T 6, 

0 6 H| 3 N0 3 

Hexyl nitrate 

T 58. 

O e H u 

Hexane 

12; K 32; T 1,45. 
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C 6 H ,4 

Isohexane 

I 2; T I. 

CeHi4 

Methyl diethyl methane 

12; T 1. 

C 6 H ,4 

Trimethyl ethyl methane 

12 ; Tl. 

C#H |4 

Diisopropyl 

12; Tl. 

CeH) 4 O 

terUAmy] carbinol 

T 36. 

c 6 h 14 o 

n-Hexyl alcohol 

T 102. 

^e®-X4® 

Propyl sulphide 

T 15. 

c 6 h 14 s 

Hexyl mercaptan 

R 11 ; S 4. 

c 6 h 19 n 

Triethyl amine 

T 44, 45. 

c 7 h 4 cin 

o-Chlorobenzonitrile 

T 49. 

o 7 h 4 cin 

tn-Chlorobenzonitrile 

T 49. 

c 7 h 4 cin 

p-Chlorobenzonitrile 

T 49. 

C 7 H 5 ClNONa 

Sodium salt of o-chlorobenzal- 
doxime 

S 2, 3; T 5. 

C 7 H,BrO 

Benzoyl bromide 

T 47. 

c 7 h' 5 cio 

Benzoyl chloride 

G 23; T 47, 54. 

c 7 h 3 n 

Benzonitrile 

G 23; T 42. 

o 7 h 6 o 

Benzaldehyde 

El; G 10, 23; P 12; R 2; 
T 47. 

c 7 h 6 o 2 

Benzoic acid 

T 89. 

C 7 H 6 O s 

a-Furfuracrylic acid 

T 56. 

C 7 H 6 NONa 

Sodium salt of a-benzaldoxime 

S 2. 3; T 5. 

C 7 H 6 OS 

Thiobenzoic acid 

T 47. 

C 7 H 7 Br 

Bromotoluene 

T 42. 

0 7 H 7 C1 

Chlorotoluene 

T 42. 

c 7 h 7 f 

Fluorotoluene 

T 42. 

c 7 h 7 i 

Iodo toluene 

T 42. 

c 7 h 7 no 

a-Benzaldoxime 

S 2,'8; T 5. 

c 7 h 7 no 

Benzamide 

T 47. 

c 7 h 8 

Toluene 

E 15, 26, 30; F 7; G 7, 
11 , 28, 27; Pll, 12, 
16; T 42. 

o 7 h 8 o 

Cresol 

T 42. 

c 7 h 8 o 

Methoxybenzene 

T 48. 

CjHsO 

Anisol 

G 23. 

c 7 h 8 o 3 

a-Furfuryl acetate 

T 56. 

o t h 8 o. 

Ethyl a-furoate 

R 6 ; T 56. 

c 7 h 9 n 

Toludine 

T 42. 

c 7 h 9 no 

2, 4-Dimethyl-5-formyl pyrrole 

R 7. 

o 7 h 10 

Cyclopentyl acetylene 

T 24. 

CtH 10 O 5 

Acetonedicarbonic acid methyl- 
ester 

T 44. 

o 7 h 10 o 9 

Methane tricarbon acid tri¬ 
methyl ester 

T 48. 

C 7 H u N 

2, 3, 4-Trimethyl pyrrole 

R 7. 

C 7 H n N 

2, 3, 5 -Trimethyl pyrrole 
/J-Methyl-jS'-methyl pyrrole 

R 7. 

o 7 h u n 

T 6 . 

C 7 H 13 

Cycloheptene 

T 19. 

c 7 h 12 

Butyl allene 

T 8 . 

c 7 h 12 

Methyl butyl acetylene 

8 9. 

C 7 Hi 8 

Methyl propyl allene 

T 8 . 

c 7 h is 

-ethyl cyclopentene 

T 20. 
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c 7 H Ia 

c 7 h 18 

c 7 h 19 o 

c 7 h 12 o 

o 7 h 12 o 

c 7 h 12 o 

C 7 Hi 2 0 2 

C 7 H, 2 O s 

c 7 h 12 o 3 


C 7 H 13 C10 2 

c 7 h 14 o 

c 7 h 14 0 

c 7 h 14 0 

c 7 h 14 0 

c 7 h u o 

c 7 h m 0 

C 7 H 14 0 3 
C 7 H 14 0 2 
C 7 H| 4 0 8 
c 7 h I4 0 2 
c 7 h, 4 o 2 
c 7 h )4 0 2 

C 7 H, 4 0 2 
C 7 H| 4 0 2 

c 7 h u o 8 

c 7 h 14 o 2 

c 7 h 18 ci 

^ 7 ®isN0 3 

c 7 h 16 

c 7 h 16 o 

C 7 H 16 8 

c 7 h 17 n 

C 7 Hj 8 

c 7 h 90 n 9 o 

c 7 h 90 n 9 o 


c 8 h 4 kno 2 

c 8 h 4 o 3 

c 8 h 6 0 2 

c 8 h 7 cio 

c„h 7 cio 

C 8 H 7 n 

c 8 h 8 

c 8 hJo 

o 8 h 8 o 

c 8 h 8 o 

CfiHgOg 


-Met by 1-1-cyclohexene 

T 20. 

Z^a-Methyl-l-cyclohexene 

T 20. 

o-Methyl cyclohexanone 

T 84. 

m-Methyl cyclohexanone 

T 84. 

p-Methyl cyclohexanone 

T 84. 

Cyclopentenyl ethanol-1' 

T 85. 

Dimethyl acetyl acetone 

T 44. 

Levulinic acid ethyl ester 

T 43. 

Dimethyl acetoacetic acid 

T 44. 

methyl ester 

Amyl chloroacetate 

T 31. 

Euthanic aldehyde 

T 88. 

Dipropyl ketone 

T 88. 

Diisopropyl ketone 

T 38. 

Methyl amyl ketone 

T 88. 

Methyl isoamyl ketone 

T 38. 

Methyl tert -amyl ketone 

T 88. 

Amyl acetate 

T 31. 

Isoamyl acetate 

I 18; T 81, 78. 

n-Heptylic acid 

T 39. 

Ethyl-n-valerate 

T 40. 

Ethyl isovalerate 

T 40. 

Dimethyl ethyl acetic acid 

T 40. 

methyl ester 

Methyl ethyl acetic acid ethyl 

T 40. 

ester 

Trimethyl acetic acid ethyl 

T 40. 

ester 

Methyl n-caproate 

T 40. 

Methyl isocaproate 

T 40. 

n-Heptyl chloride 

T 30. 

n-Heptyl nitrate 

T 58. 

Heptane 

I 21; R 32. 

n-Heptyl alcohol 

T 102. 

Heptyl mercaptan 

R 11; S 4. 

n-Heptylamine 

T 4. 

Hexamethyl benzene 

T 70. 

3, 3'-Diethyl-5, 5'-dimethyl 

R 7. 

pyrro ketone 

8. 3'-Dimethyl-5, 5'-diethyl 

R 7. 

pyrro ketone 

Potassium phthalimid 

T 50. 

Phthalic acid 

T 50. 

Phthalide 

T 50. 

Phenylacetyl chloride 

T 47. 

Chloroacetophenone 

Tolunitrile 

T 47. 

T 42. 

Styrol 

P 24. 

Acetophenone 

G 23; X 47. 

Acetyl benzene 

T 45. 

Phenylacetaldehyde 

T 47. 

Methyl benzoate 

T 42, 54. 
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C 8 Hg0 2 

Phenylacetic acid 

T 47. 

CgHgOg 

Phenylacetate 

T 54, 55. 

CgH 0 Br 

1, 2, 4-Bromoxylene 

T 46. 

CgH 9 Br 

1, 3, 2-Bromoxylene 

T 46. 

C 8 H 0 Br 

1, 3, 4-Bromoxylene 

T 46. 

CgH 9 Br 

1, 3, 5-Bromoxylene 

T 46. 

CgH 9 Br 

1, 4, 2-Bromoxylene 

T 46. 

C 8 H 9 C1 

1, 2, 4-Chloroxylene 

T 46. 

C 8 H 9 C1 

1, 3, 2-Chloroxylene 

T 46. 

CgHgCl 

1, 3, 4-Chloroxylene 

T 46. 

CgHgCl 

1, 3, 5-Chloroxylene 

T 46. 

CgH 9 Cl 

1, 4, 2-Chloroxylene 

T 46. 

c 8 h 9 i 

1, 2, 3-Iodoxylene 

T 46. 

CgHgl 

1, 2, 4-Iodoxylene 

T 46. 

CgHgl 

1, 3, 2-Iodoxylene 

T 46. 

CgH 9 I 

1, 3, 4-Iodoxylene 

T 46. 

CgH.,1 

1, 3, 5-Iodoxylene 

T 46. 

C 8 H 9 i 

1, 4, 2-Iodoxylene 

T 46. 

C«H 0 

Ethyl benzene 

P 24. 

CgH I0 

o-Xylene 

E 12; G 10; P 2; T 42. 

c 8 h 10 

m -Xylene 

G 23; P 2. 

c 8 h 10 

p-Xylene 

P 2. 

c 8 h 10 o 

Phenylmetbyl carbinol 

T55. 

c 8 h , 0 O 2 

1, 2-Dimethoxy benzene 

T 48. 

c 8 h 10 o 2 

1, 3-Dimethoxy benzene 

T 48. 

C 8 H 10 O 2 

I, 4-Dimethoxy benzene 

T 46. 

CgH, 

Cyclohexyl acetylene 

T 24. 

CgH 1 2 

Cyclopentyl-3-propyne-l 

T 25. 

C 8 H 12 

CyclypentyM-propyne-1 

T 24. 

CgH l2 O a 

z^-Cyclopenteny 1-methyl ace¬ 

T 86. 


tate 


c 8 h 13 n 

Kryptopyrrole 

T 6. 

C 8 H i4 

Amyl methyl acetylene 

S 8. 

c 8 h 14 

Ethy propyl allene 

T 8. 

c 8 h m 

Methyl butyl allene 

T 8. 

c 8 h 14 

Cyclooctene 

T 19. 

C 8 Hj 4 

^ 1 -Ethyi-l-cyclohexene 

T 20. 

c 8 h, 4 

-Dimethyl-1, 4-cyclohexene 

T 20. 

C 8 H 14 

^, -Methyl-l-cycloheptene 

T 20. 

c 8 H 14 o 

Octyne-2-ol-l 

T 22. 

c 8 h, 4 o 

Oyclopentenyl propanol-1' 

T 85. 

C 8 H 14 0 3 

/?-Ethoxycrotonic acid ethyl 

T 44. 


ester 


C 8 H 14 0 3 

n-Butyric anhydride 

T 50. 

C 8 H i4 0 3 

Isobutyric anhydride 

T 50. 

C 8 Hj 4 0 4 

Succinic acid diethyl ester 

T 43. 

c 8 h, 4 o 4 

Monomethyl malonic acid 

T 44. 


ethyl ester 


C 8 Hj 4 O e 

Dietbyl-d-tartarate 

T 83. 

CgHj jNOjj 

n-Dimethyl-/3-amino crotonic 

T 44. 


acid ethyl ester. 


C 8 Hi 6 

o-Dimethyl cyclohexane 

I 16; T 60. 
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C,H 16 

cit- Octene-2 

T 7. 

c 8 h 16 

trans- Octene-2 

T 7. 

o 8 h I6 ° 

Methyl hexyl ketone 

T 88 . 

C 8 H| 6 0 9 

n-Octylic acid 

T 89. 


Ethyl n-caproate 

T 40. 

CgH ie O a 

Ethyl isocaproate 

T 40. 


Dimethyl ethyl acetic acid 

T 40. 


ethyl ester 



n-Heptylic acid methyl ester 

T 40. 

^8^17^1 

n Octylohloride 

T 36. 

OgHis 

Octane 

B 82. 

OsHxg 

2, 5-Dimethyl hexane 

T 67. 

£ 8 5i« 

3* 4-Dimethyl hexane 

T 67. 

CsH 18 0 

Caprylic aldehyde 

T 38. 


7i-Octyl alcohol 

S 12; T 78, 102 . 

c 8 h 18 o 

sse-Octyl alcohol 

S 12; T 78. 

o 8 h 18 s 

Isobutyl sulphide 

T 15. 

Os^goPb 

Lead tetraethyl 

R 15, 47. 

C 8 H 6 0 9 

Phenyl propionic acid 

T 47- 

C 9 H 7 C 10 

Cinnamyle chloride 

T47. 

CgHg 

Indene 

S 11. 

C 9 H 8 

Phenylmethylacetylene 

S 8 . 


Methyl phenyl furazane 

T 64. 

CoHgNjO 

Methyl phenyl oxdiazole 

T 64. 

c 9 h 8 n 2 o 

3-Pheny 1-5-methyl azoxime 

T 64. 

CgHgNgO 

5-Phenyl-3-methyl azoxime 

T 64. 

C 9 HgO 

Cinnamic aldehyde 

T 47. 

C 0 HgO 

Phenyl-3 propyne-2-ol-l 

T 22. 

CnHg0 2 

Cinnamic acid 

T 47. 

C 9 H 9 BrO a 

Methylphenyl bromoacetate 

N 40. 

c 9 h 9 n 

1, 2, 4-Xylene cyanide 

T 46. 

c 9 h 9 n 

1, 3, 2-Xylene cyanide 

T 46. 

c 9 h 9 n 

1 , 3, 4-Xylene cyanide 

T 46. 

c 9 h 9 n 

1, 8 , 5 -Xylene cyanide 

T 46. 

c 9 h 9 n 

1, 4, 2 -Xylene cyanide 

T 46. 

c 9 h 10 

cis- Pheny 1 -1 - propone 

T 7. 

CaH* 0 

trana-Phenyl-l-propene 

T 7. 

0 9 Hj qO 

Methyl benzyl ketone 

T 47. 

O 0 H| O O 

Ethyl phenyl ketone 

T 47. 

OgHioOg 

Ethyl benzoate 

T 42,54. 

O 9 H 10 O 9 

o-Cresyl acetate 

T 54. 

OgHjoOj 

Phenyl propionate 

T 55. 

C 9 H 10 O 2 

o-Toluic acid methyl ester 

T 42. 

C 9 Hio 0 9 

m-Toluic acid methyl ester 

T 42. 

OjHioOj 

p-Toluic acid methyl ester 

T 42. 

C 9 H]o 0 9 

Methyl phenyl acetate 

T 47. 

C 9 H,o0 3 

Ethyl a-furfuracrylate 

T 56. 

0 9 H| 9 

1 , 2, 8 -Trimethyl benzene 

T 48. 

C 9 Hi 9 

1, 2, 4-Trimethyl benzene 

T 48. 

C 9 Hi* 

1, 8 , 5-Trimethyl benzene 

T 48. 

O9H19O3 

1, 2, 8 -Trimethoxy benzene 

T 48. 

CgBuOg 

1, 8 , 5 -Trimethoxy benzene 

T 48. 


16 
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c„h 14 

Cyolopentyl 4-butyne-2 

T 25. 

c 9 h i4 

Cyclohexyl-l-propyne-1 

T 22. 

c 9 h 14 o 

Phoron 

T 45. 

09HI 4 0 

Cyclopentyl-4-ol-l-butyne-2 

T 25. 

0 9 Hi 4 0 6 

Tricarballyiic acid trimethyl T 43. 
ester 

C 9 H lff 

Ethyl butyl allene 

T 8 . 

C 9 H l6 

Hexyl methyl acetylene 

8 8 . 

c 9 h 16 

Amyl ethyl acetylene 

S 8 . 

C 9 H l6 

Cyclohexyl 6*hexene-2 

T 7. 

C 9 H 16 

A 3 -Trimethyl- 1 , 3, 4-cyolo- 
hexene 

T 20. 

c 9 h 16 

A 4 -Trimethyl-1, 3, 4-oyclo- 
hexeoe 

T 20. 


Nonyne-3 ol-l 

T 22. 


Nonyne-3 ol -2 

T 22. 

C9H10O 

Methoxy-l-octyne-2 

T 23. 

C 0 Hi 6 O 4 

Dimethyl malonic acid ethyl 
ester 

T 44. 

o 9 h 18 

cis-Nonene-2 

T 7. 

c 9 h 18 o 

Pelargonic aldehyde 

T 38. 

c 9 h 18 o 

Diisobutyl ketone 

T 38. 

o 9 h 18 o 3 

n-Nonylic acid 

T 39. 

G 9 Hj 8 0 3 

n-Heptyhc acid ethyl ester 

T 40. 

c 9 H 18 o, 

n-Octylic acid methyl ester 

T 40. 

C 9 H j 9 C1 

n-N ony nchloride 

T 36. 

O9H20 

Nonane 

R-32. 

CgHgoO 

n-Nonylalcohol 

T 102. 

CioHjBr 

a-Bromo naphthalene 

T 103, 104. 

CioHjBr 

/3-Bromo naphthalene 

T 103, 104. 

C 10 H 7 C 1 

a-Chloro naphthalene 

T 103, 104. 

C 10 H 7 C 1 

/3-Chloro naphthalene 

T 103, 104. 

c 10 h 8 

Naphthalene 

E 11 ; T 103; 104. 

OxoH 10 

Dicyclopentadiene 

S 15. 

Oi 0 H 10 

1 , 2-Dihydro naphthalene 

S 11 . 

°xoH 10 ^ 

Phenyl ethyl acetylene 

8 8 . 

Oxo^ioO 

Methyl cinnamyle 

T 47. 

®10®10® 

Phenyl-4 butyne-3 ol-2 

T 22. 

c 10 H 10 O 

Methoxy-l-phenyl-3-propyne-2 

T 23. 

Ox 0 H l0 O* 

Benzyl acetone 

T 45. 

Cl0*®10®2 

Dimethyl phthalate 

T 45. 

0 10 H lo Os 

Methyl cinnamate 

T 47. 

C l0 Hi 0 O f 

Isosafrol 

T 29. 

Oio^ioOs 

Benzoylformic acid ethyl ester 

T 45. 

Gloria 

Dimethyl styrolene 

T 87. 

^10^12 

Tetrahydro naphthalene 

T 66 . 

^ 10^1 2®2 

Ethyl benzyl ketone 

T 47. 

n-Propyl benzoate 

T 54. 

010 ^ 12^2 

Isopropyl benzoate 

T 54. 

Cio^ia^a 

Ethyl phenyl acetate 

T 47. 

Cio^**?* 

Phenyl butyrate 

T 64. 

Cio^iaQs 

Isoeugenol 

T 29. 
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c»<>h 14 

1, 2, 3, 5-Tetramethyl benzene 

T 48j 

S io 5 14 

1 , 2, 4, 5-Tetramethyl benzene 

T 48. 

OioH u O 

Thymol 

T 99. 

®\oHie 

Pinene 

G 8 ; T 99. 

CjioHie 

/J-Pinene 

T 12. 

Oi°H 16 

Camphene 

T 12. 

C ,o H 16 

Carene 

T 12. 

OioH 16 0 

CyolohexyM-butyne-l-ol-2 

T24. 

OioH 16 0 

Cyclohexyl-4 butyne-2-ol-l 

T 22. 

OioH 16 0 

Cyclohexyl-4 butyne-3-ol-2 

T 24. 

OioHi 6 0 

ci8-Myrtenol 

T 13. 

OioHieO 

trans-Myrtenol 

T 13. 

Oio|I l6 0 

Cylopentyl-l-pentyne-2-ol-3 

T 25. 

®ioHj 6 0 

Methoxy~l-cyclopentyl-4-butyne-2 T 25. 

^10^1 flOg 

Methanetricarbon acid triethyl 



ester 

T 43. 

c 10 h 7 n 

2 , 4-Dimethyl-3-propyl pyrrole 

T 6. 

Ox°H 18 

Camphane 

T 12, 

OioH 18 

Pinan 

T 12. 

o, 0 h T8 

Carene 

T 12. 

Oi°H T8 

Propyl butyl allene 

T 8. 

C I0 H I8 

Decahydro naphthalene 

T 68. 

£lO H T8 

Hexyl ethyl acetylene 

S 8. 

Ci°H X8 

Amyl propyl acetylene 

S 8. 

CtoHxsO 

Ehodinol 

T 72. 

c toHt«0 

Methoxy-1 -nonyne-3 

T 23. 

C T0 H T8O 

Methoxy-2-nonyne-3 

T 23. 

Cto^T80 

Decyne-3-ol-2 

T 2. 

C T0 H T8O3 

Isovaleric anhydride 

T 50. 

Oto^soO 

Capric aldehyde 

T 38. 

0 X oHaoO 

Citronellol 

T 72, 

CyofiaoOa 

n-Decylic acid 

T 39. 

^TO^ioOg 

n-Octylic acid ethyl ester 

T 40. 

C T oH 20 Oa 

n«Nonylic acid methyl ester 

T 40. 

Cxo^-btCI 

Deoyl chloride 

T 36- 

C X oH 2 # 

Decane 

E 32. 

C X8 H 92 0 

n-Decyl alcohol 

T 102. 

CttHto 

a-Methyl naphthalene 

T 103, 104. 

CttH T o 

^-Methyl naphthalene 

T 103, 104. 

OttHt 0 O 9 

Phenyl propiolic acid ethyl ester 

T 47. 

CttHtb 

Phenyl propyl acetylene 

8 8. 

0ttH T2 0 

Methoxy-2-phenyl-4-butyne-8 

T 28. 

CttOK T9 0 3 

Ethyl oinnamate 

T 47. 

OttHt 9 0 3 

Benzoylacetio acid ethyl ester 

T 45. 

OxxH T8 NO 

Cinnamyle dimethyl amine 

T 47. 

CxrHT40a 

n-Butyl benzoate 

T 54. 

CttHt 4 0 9 

Isobutyl benzoate 

T 54. 

CttH T4 0 9 

Ethyl hydratropate 

T 47. 

OttHtsO 

Methoxy-l-cylohexyl-4-butyne-2 

T 23. 

OttHtsO 

Methoxy-2-cyolopentyl-5-pentyne-3 T 25. 

GriH T gO 

Cycloh6xyl-5-pentyne-3-ol-2 

T 22. 

OttHtoNO 

Methyl o-oamphoroxime 

8 2. 
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C-irHygNOa 

Camphoroxime-o-methyl ester 

8 8 ; T 5. 

CnHso 

Amyl butyl acetylene 

S 8. 

OitHjio 

Hexyl propyl acetylene 

8 8. 

Ct T H 2s O 

Nonyl methyl ketone 

T 88. 

CyrHggOg 

n-Decylic acid methyl ester 

T 40. 

CttHj4 

Monodecane 

R 32. 

OyrHa^O 

n-Undecyl alcohol 

T 102. 

^XT^ss^aO 

8, 3', 5, 5 ; —Tetramethyl—4, 4'— 



di-n-propyl pyrroketone 

R 7. 

Cx2^XoO 

Diphenyl ether 

E 12. 

Ct*H T4 

A,-Benzyl eyclopentene 

T 86. 

CT 2 HT 4 O 9 

Dimethyl phthalate 

T 50. 

OjaHTeOa 

Isoamyl benzoate 

T 54. 

^T2^T8 

Hexamethyl benzene 

R 40. 

CT 2 Hjg0 6 

Diaceto succinic acid ethyl ester 

T 44. 

Ct2^T8^6 

Aconitic acid triethyl ester 

T 43. 

CisHaoO 

Methoxy-2-cyclohexyl-5-pentyne-3 

T 23. 

Cx^Haa 

Hexyl butyl acetylene 

S 8. 

CT 2 H 22 O 3 

n-Capron anhydride 

T 50. 

CyaHag 

Dodecane 

R 32. 

CjaHagO 

n-Dodecyl alcohol 

T 102. 

CtsHtoO 

a-Benzophenone 

T 47. 

Ct3H T o0 3 

Salol 

F 17. 18 ; H 7, 19: T 99. 


„ (liquid) 

N 12. 

Cxa^TO^S 

Phenyl salicylate 

T 55. 

n tt 

Diphenyl methane 

R 11 ; S4. 

c T3 h T6 

Benzylidene cyclohexane 

T 87. 

CTsHjeOa 

Cyclohexyl benzoate 

T 54. 

C T3 H 20 OTa 

Methane tetracarbonic 



acid tetra ethyl ester 

T 43. 

0x4^0^20 

Diphenyl furuzane 

T 64. 

Ci 4 HioNaO 

1, 2, 4-Diphenyl azoxime 

T 64. 

^T4®-T0^2O 

1, 3, 4-Diphenyl azoxime 

T 64. 

c T4 h T0 o 2 

Benzil 

T 44. 

Cj 4 Hx 0 O 3 

Benzoic anhydride 

T 50. 

C T 4 Hto04 

Benzoyl super oxide 

T 60. 

Ct4H T 20 

Phenyl benzyl ketone 

T 47. 

0x4^12^2 

o-Cresyl benzoate 

T 54. 

Cx 4 H T 4S 

Benzyl sulphide 

T 15. 

Cxft^xaOa 

Dibenzoyl methane 

T 45. 

CxgHxaOa 

Phenyl cinnamate 

T 55. 

C Tfi Hx40 

Dibenzyl ketone 

T 45. 

CX 5 H 22 O 2 

n-Octyl benzoate 

T 54. 

0x6^26 

Pentaethyl benzene 

T 48. 

0X8^30 

Hexaethyl benzene 

T 48. 

020^X4^4 

Phenyl phthalate 

T 55. 


Resin 

E 1 ; G 1 . 
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On the Pressure Effect of Electrical Resistance of 

Metals.* 

By 
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Abstract. 

The pressure coefficient of electrical resistance of metals and the change 
in resistance at different pressures are calculated on the rigid ionic model of 
Nordheim using a screened Ooulombian form of potential. Good agreement 
iB found for Au, Ag, Cu and in general for metals having low compressibility. 
The results are compared to those obtained by Kroll using Fermi's statisti¬ 
cal form of ionic potential. Specific resistance of Au, Ag, Cu, Na, K, Li 
are also calculated using the two forms of potential on the rigid ionic 
model. Besults on the pressure variation of resistance, and those on the 
specific resistance are discussed, and it is concluded that the calculation on 
screened Coulombian potential is more consistent than on Fermi's. Further 
it is found that for the alkalies which possess very high compressibility 
neither of the two forms of potential yields any satisfactory result. 

§ 1. Introduction. 

Since the revival of the electron theory of metal by Sommer- 
feld, Houston, Bloch, Peierels, Nordheim and others, attempts 
have been made to account theoretically for the change in electri¬ 
cal resistance of metals due to external pressure. The effect of 


• Communicated by the Indian Physical Society, 
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pressure on the electrical resistance of most metals has been 
experimentally investigated by Bridgman. 1 Prom a study of 
the results on a large number of metals he comes to the belief 
that the general characteristics of the pressure variation of elec¬ 
trical resistance of metals can be represented by a system of 
curves of the form shown in Pig. 1. (The different curves corres¬ 



pond to different temperatures). The resistance at first dimi¬ 
nishes with increase of pressure, then it reaches a minimum, and 
with further increase of pressure it may gradually increase. For 
most metals the pressure corresponding to the minimum resist¬ 
ance lies far beyond the highest pressure attainable in such ex¬ 
periments (20,000 kg/cm 2 ), so that only the part of the curve 
showing the fall of resistance with pressure is observed. Among 
the alkali metals which are well known for their high com¬ 
pressibility, Sc shows directly the minimum characteristic of 
pressure variation at a pressure of 4000 kg/cm s ; for Li on the 
other hand it is found that, starting from the lowest pressure 
attainable, the electrical resistance gradually increases with 
pressure almost linearly. 

Qualitatively one can see how the electrical resistance should 
vary with pressure. On the quantum mechanical model of 

1 An extenstive review of his works oan be found in his book * The Physics of High 
Pressure 1 (1981), G. Bell & Sons. 



PRESSURE EFFECT OF ELECTRICAL RESISTANCE OF METALS 625 

metals, the finite conductivity of metals under a constant electric 
field is caused by the deviations of the lattice potential from 
perfect periodicity on account of thermal vibrations of the lattices 
in the form of elastic Debye-waves. The maximum Debye 
frequency as defined by the characteristic temperature of the 
metal depends upon the compressibility, density and Poisson’s 
ratio of the metal. We may assume for simplicity the latter to 
be nearly independent of pressure, but compressibility diminishes 
with increase of pressure, and the denstiy increases, giving a 
balance of increase of Debye frequency (vide eqn. 2a). The 
result is that with increasing pressure the amplitude of thermal 
vibrations diminishes and this causes a fall in the resistance of 
the metal. Further, the electrical resistance depends upon the 
scattering of the electron waves caused by the interaction poten¬ 
tial-field of the metal ion acting on the electron, and this is 
dependent upon the separation between the atom-centres through 
the screening factor. The effect of increase of pressure is to 
bring the atom centres closer together which causes an increased 
scattering and therefore an increment of resistance. This effect 
is evidently the greatest for the alkali metals which are the most 
compressible. 

Whereas the first effect of pressure increase, that is, the 
decrease in the amplitude of thermal vibrations, tends to reduce 
the resistance of the metal, the second effect of pressure increase, 
that is, the decrease in the interatomic separations would increase 
the resistivity. Thus by a superposition of the two effects a 
minimum in the pressure resistance curve is qualitatively expect¬ 
ed. 

The first attempt to give a theory to the pressure effect of 
ele ctrical resistance was made by Houston a and this was 
followed by a similar attempt by Waterman. 8 Houston qualita¬ 
tively showed that in general a negative pressure coefficient of 


* Houston, Zeifcs. f. Phys; 49 , 449 (1928). 
9 Waterman, Phil. Mag., 6,965 (1928), 
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resistance is expected for most of the metals, but for Li there is 
possibility of obtaining a positive pressure coefficient. But as 
these calculations were based on a model which is no longer 
believed to be true, we need not go into details of these theories. 

Following the ‘rigid ionic model ’ of metals as discussed by 
Nordheim 4 the pressure effect of resistance has recently been 
worked out by Kroll,® who however uses Fermi’s statistical form 
of ionic potential instead of the screened Coulombian form assum¬ 
ed by Nordheim. 6 Frank on the other hand has given a 
qualitative discussion of the pressure effect of alkali metals based 
on the Bloch model of the ‘deformable ions.* The purpose of 
the present paper is to work out the pressure variation of electri¬ 
cal resistance of metals on Nordheim’s rigid ionic model. In 
this the usual screened Coulombian form of ionic potential is 
assumed and the prssure coefficient of resistance is numerically 
calculated by adjusting the screening constant from the electrical 
resistance data. In §2 expressions for the pressure coefficient of 
resistance and the change of resistance at various pressures are 
deduced, and the numerical values of these coefficients obtained. 
In §3 the specific resistance of a number of metals is calculated 
on the screened Coulombian potential, as well as on Fermi’s 
statistical form of potential. And by a discussion of the results 
obtained in §2 on the pressure variation of resistance of these 
metals in the light of the calculated specific resistances, attempt 
is made to decide in favour of one or other form of potential. 
The discussions seem also to elucidate the limitations of the 
rigid ionic model of Nordheim. 

§2. Calculation of Pressure Coefficient of Resistance at 
Various Pressures. 

Nordheim’s expression for the specific resistance of metal is 

4 Nordheim, Ann. d. Phys., 9, 607, 641 (1981). 

5 Kroll, Zeits, f. Phye., 86, 398 (1981). 

* Frank, Pby*. Review, 47, 282 11986). 
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2V JT m 

p= - - - ... (1) 

8 *a*hdk6* 

where 

J=l[ln(i + l)-jX] , ( =4^»(|2-)S.15' 2 (i-) S ... (3, 

* a ’ is the lattice constant, and b the screening constant occurring 
in the usual Coulombian potential function 


V= 



-rib 


0 is the Debye-temperature for the metal and is given by 


where 


h ( 9 N \1 , 1 

k V ) M idtfi (a-) COnB ‘ x^fh<r) 


r 2a+<r)' 

V J 1- 1 

|_ 3(1 —2o-) 

J L 3{1 ~ a) J 


and <r=Poisson’s ratio, d=density, K«= bulk modulus 



X=compressibility «= 


_1 / Oy \ 
v \ dp ) T 


N — Avogadro number and 


M™ molecular weight. 

Collecting terms in the expression (1) which change with 
pressure, 


plO 



6[A xW(<ri 


... (2a) 


Taking Poisson’s ratio to be independent of pressure 

f w jx ... (B> 

Thus so far as the pressure effect is concerned^, contribution to 
the variation in resistance would only come from x the com¬ 
pressibility of the metal which diminishes with increase of 
16 
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pressure, and from J which is an integral depending upon the 
ionic potential function, viz., 

M 


J(*) = 


1 x s dx 

y-( h0 } 

+ 

t) 

m 

7 \ 2 nb ) 


v 

1 , x * 


E-E' I -Av 


(4) 


Hence the pressure coefficient of specific resistance is given by 



Since the resistance of the metal is defined by R ** p'L/a, where 
L = length and a=cross-section, Rwhere r=volume. 
Hence the pressure coefficient of resistance is given by 



on substitution from (5) and using \ 


1_ 

v - 



The last 


two terms in expression (6) are available from Bridgman’s data 
on the measurement of compressibility at various pressures. To 
obtain the first term* we have 


. dy __y 
7 ' t ’ dt t 


and from (4) 

he 



^J = _2 f 

x*dx 

t 9 



dy J 

0 

(y + » 2 ) 3 

2y(f +1) 9 


Hence 

dJ _ 9J 


t 

... (7) 


dt Qy 

at 

2(t + 1) 5 * 

Also from (2) 

dt w _ 8»r 2 b 9 
dp "" d 9 

u: 

) ! (*& 1 

... (8) 
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And because 


we get 


»=d/Am a , a=n“^, log a l/\£ logt>, 

9‘log a \ _1 / 9 log v X _ _x_ 
9p ) T 3 \ 9p ) r S 


Substituting this'in (8) we get 


Hence 


dt_ 

dp 



1 (JJ \ l 0J 9 t__x t* 

J \ 0p / T = J 9 1 9p 3J (£ + 1)2 


... (9) 

... ( 10 ) 


Substituting this for the first term in (6), 

Mtf ) r = 3 [ 1+ J(*w] + x (■§?) T "■ (11) 

This expression gives us the pressure coefficient of resistance 
at any pressure. We can determine the coefficient at zero 


pressure taking the values of x> ^> 
to that pressure. 


t and J corresponding 


We can now easily calculate the change in resistance at 
different pressures from (3). If p 0 be the specific resistance at 
zero pressure and p that at any pressure p, 

Ap = pg-p _Jq Xo ~ j x ( 12 ) 

Po Po J oXu 

To calculate A p/p 0 at different pressures we take the com¬ 
pressibility at various pressures as measured by Bridgman, 
and evaluate the corresponding values of J from (2) by suitably 
modifying the factor a (b is taken to be constant throughout), 
according to the observed compressibilities at various pressures. 
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The pressure coefficient of resistance for a number of metals 
at zero pressure calculated from (11) are shown in Table I below. 
The relative changes in the specific resistance Ap/pa for Au, Ag 
and Na calculated from (12) at various pressures between 0 to 
12,000 kg/cm 2 are given in Table II. The data for compressibi¬ 
lity and the pressure coefficient of compressibility have been 
adopted from Landolt-Bornstein’s table (1927), and those for 
pressure coefficient of resistance have also been taken from the 
same source (p. 578). The observed values of Ap/p 0 are from 
Bridgman’s book ‘ The Physics of High Pressure’ (1931)., p. 263. 


Table I. 


Pressure Co-efficient of Resistance : 


l QR 
R 0p 


per kg/cm 2 . 


Element. 

Compressibility. 

X0.10S. 

- L P- • 10t - 

Xo 0P 

— -ff - 108 (calculated). 

(observed). 

t/a-i. 

b/a=}. 

Li 

0-869 

1*14 

- 6*9 

- 6*9 

+ 6*8 

Na 

1*562 

3*9 

-27*6 

-31-0 

- 66*3 

K 

3*565 

11-50 

-8915 

-96*6 

-175 

On 

0072 

0-36 

- 3*08 

- 3*23 

- 2*01 

A S 

0*098 

0*45 

- 3*89 

- 3*99 

- 3*58 

An 

0-0584 

0*36 

- 3*19 

- 3*3 

- 3*12 

A1 

0*134 

0*37 

- 2*76 

- 3*0 

- 4*28 

Pb 

0*237 

0*73 

- 5*65 

- 6*07? 

- 14-4? 

Mo 

0085 

0-36 

- 3*35 

- 8*42 

- 1-88 

W 

0*032 

0*44 

- 4*17 

- 4-23 

- 1-43 

Fe 

0059 

0-35 

- 3-08 

- 8*2 

- 2-41 

Co 

0*054 

0-39 

- 3*53 

- 8-6 

- 0*94 

£ 1 

0*053 

0*40 

- 3*63 

- 3*7 

- 1-88 

mm 

0*053 

0*40 

- 3*63 

- 3-7 

- 1-98 

Pi 

0-036 

i 

0*5 

- 4*74 

- 4*81 

- 1*97 
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Table II. 


Values of a p/p 0 =^—^- 

p 0 


■ 

Ag 

Au 

Na 

■ 





Ap/p 0 

(cal.) 


Af>/p 0 

(cal.) 

U 

H 


9 


l/a = J 

b/a = l 

(obs.) 


b/a=i 

0 

0 

■ 

■ 


0 

0 

0 

0 

0 

2,000 





0*0067 

0*0064 




4,000 

0-0166 

0*0166 

0*0107 


0*0132 

0*0116 

0*2076 

0*05812 

0*0266 

6,000 

0*0229 

0*0232 

0*0192 


0*0198 

0*0169 




8,000 



0*0260 

0*0260 

0*0263 

0*022 

0*3342 

0*1088 

0*0643 

10,000 


0*0386 

0-0330 

0*0309 

0*0336 

0*0285 




12,000 


0*0461 

0*0396 

0*0368 

0*0397 

0*0354 

0*4146 

0*1503 

0*0768 


As in calculating the conductivity of metals on the rigid 
ionic model, an uncertainty in the calculation of the pressure co¬ 
efficient arises on account of the unknown factor ' 6 ’ the screen¬ 
ing constant. But on the general reasonings advanced by 
Houston and Nordheim, we may assume b to lie between the 
limits a/2 and a/6, where a is the nearest distance between two 
atoms. We therefore calculate for the present the pressure co¬ 
efficient for these two limiting values of b, and shall accept the 
values near one limit or the pther according to evidences from 
the calculation of conductivity on this model. 

§ 3. Discussion of Results. 

It will be seen from Table* I that for Cu, Ag, and Au, the 
calculated and observed values of the pressure coefficient are in 
good agreement for b/a—In fact the values for the two 
limits do not differ much. While for Na find K, the values 
calculated on the assumption of b/a—£ are in better agree¬ 
ment. In other cases the values calculated for the two limits 
of b do not differ much^ and they agree at least in the 
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order of magnitude with the experimental values. Similar 
characteristics are shown by the y-values given in Table II. 

The values for Au and Ag calculated for b/a=$ to £ are in very 
good agreement with the experimental values, while for Na the 
agreement is not satisfactory, but we obtain the correct order 
of magnitudes for b/a—%. But confining ourselves within 
the two limits b/a=% to£, there seems to be no possibility 
on this theory to obtain the positive pressure coefficient of 
Li. Further, it is noteworthy that except in the case of 
highly compressible alkali metals, generally the pressure coeffi¬ 
cient of resistance is of the same order of magnitude as the 
pressure coefficient of compressibility ^ so that the contri¬ 
bution from the first term in (12) is very small. 

The specific resistance of the alkali metals and of Au, Ag, 
Cu as calculated 7 on this model are shown in Table III. It is 
seen that there exists also in this a similar irregularity between 
the two groups of elements so far as their screening constant 
is concerned. We find that a satisfactory agreement between 


Table III. 
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the observed and the calculated values are obtained for Au, Ag 
and Cu with bja^\ t and for' Na and K with b/a-J. But 
Li rather differs from other members of the alkali group, as for 
this the two values agree for b/a - ■£. Thus we may say that the 
results on the conductivity and pressure coefficient of resistance 
for Au, Ag, Cu and Na calculated on the screened Coulombian 
potential are consistent by themselves. But Li behaves in an 
anomalous way. Calculation shows that — for Li tends towards 
a negative value for values of b/a less than \; on the other hand, 
the calculation of conductivity seems to confirm the value b/a~\ 
for this metal. It is probable that this anomaly is due to some 
deeper cause, and that the theory of pressure effect of resistance 
has lost sight of some important factor which would universally 
contribute a positive coefficient to the resistance. 

Kroll 8 has calculated the pressure change of resistance for 
Au, Ag and Li on the rigid ionic model; but he has assumed 
Fermi’s statistical form of ionic potential to hold in these cases 
instead of a screened Coulombian one. The expression for specific 
resistance on this assumption becomes 




2 11/3 ^ 4/ Ve g m g T 

3 ll3 ha 2 dz 2 k6 2 


J (i) 


=8‘316.10 -30 


Z 2 T 

a 2 dz 2 6 2 


• • • 


(13) 


where Z, z are respectively the atomic number of the element 
and the number of free electrons per atom, and 


S n-« 

I w 

Jo 




, e 1/8 ir 2/8 0-4676 

t= - , J/8" * 10 8 


J (t) 

- - a z* 

J(t)» 3 -095* 4 - 23-5i 6 + 107t 8 - 312* 10 + 600*l» - 697 6* 14 + 867* 16 ... 


(14) 

(15) 


where $(u) is a function of the well-known Fermi function <f>. 
Taking Kroll’s solution of the integral in (15), we calculate the 
specific resistance of Au, Ag, Cu, Na, K and Li according to (13). 
The results are shown in the last column of Table III. It will 
be found that in all cases, except Li, the calculated value of p 


8 Kroll. Zeita. t. Phya., 55,898 (1988.) 
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exceeds the observed value by a factor greater than 10. Curiously 
enough, for Li the two values fairly agree, though the statistical 
form of potential is least expected to hold for light elements 
like Li. 

But so far as the pressure effect of resistance is concerned 
Kroll obtains satisfactory agreement between observed and cal¬ 
culated values for all the three elements Au, Ag and Li. So the 
results of calculation of conductivity and of pressure coefficient 
of resistance on Fermi potential do not appear to be consistent. 
Comparison of (13) with (1) shows that the pressure dependence 
of p is due mainly to the contributions from J and x just as in 
Nordheim’s case (equation 3). In other words, Fermi potential 
does not introduce any new mechanism of resistance variation 
with pressure. As the external pressure increases, x gradually 
diminishes, but assuming the screening factor * b ’ to remain 
constant throughout, J gradually increases. So the contributions 
of the two factors x an( l J to resistance are opposite to each 
other, and Ap/po at any pressure can be positive o rnegative 
according as x diminishes more rapidly' than J increases, or 
vice versa. The apparent success of Fermi’s potential in explain¬ 
ing the pressure effect of resistance thus appears to be due to two 
reasons : (1) on Fermi’s potential, the increase in J with increase 
of pressure is much more rapid than on the screened Coulombian 
potential ; (2) the contribution to pressure effect of resistance 
from J is very small compared to that from x» The truth of the 
first point becomes also clear from the fact that Kroll’s calculated 
values of Ap/po for Au and Ag are always less than the observed 
values. The second point is also substantiated by the results 
shown in Tables I and II. Thus one sees that the pressure co¬ 
efficient of resistances does not differ much for the two limiting 
cases bja=\ and 4 , though the conductivity changes by a factor 
10 within these limits. 

For more compressible alkali metals K, Rb, Cs the pressure 
effect cannot be explained on either of the two forms of potential 
discussed above. It appears that generally at high pressures 
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some altogether new phenomena become prominent. These may 
be effects like pressure ionisation, electron interaction, change in 
Poissons’ ratio, change in binding energy of the electron, or 
some such effect so far neglected in the theory. Frank has 
shown that considering the change in the nature of binding of 
the electron, the negative and the positive pressure co-efficient of 
Na and Li can be qualitatively explained. It is probable that 
the electron system of highly compressible metals are so squeezed 
to the nucleus at high pressures that the binding of the conduc¬ 
tion electron becomes much stronger than in the normal case and 
the rigid ionic model of Nordheim is no more valid. This 
would increase the resistance of the metal and may ultimately 
shift the pressure co-efficient in the right direction. 

In conclusion I wish to express my gratitude to Dr. R. C. 
Majumdar for his helpful suggestions and constant encourage¬ 
ment throughout the progress of this work. I also take this 
opportunity to express my indebtedness to Prof. M. N. Saha for 
his kind interest in my work. 
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PART I. 

Report on Scientific Investigations. 

The investigations carried out during the year may be 
classed under the following heads :— 

1. Magnetic studies on single crystals of diamagnetic 
substances in relation to the orientations of mole 
cules in the crystal lattice, and of paramagnetic salts 
in relation to crystalline fields. 

2. Studies on the physics and chemistry of crystals : 
polarized absorption by aromatic hydrocarbons con¬ 
taining condensed benzene nuclei, preferential orien¬ 
tations of included molecules in crystals, photo¬ 
dissociation in crystals in relation to their 
pleochroism, etc. 

3. Other optical investigations, e.g., optical properties 
of thin films, the screening constants and optical 
polarizibilities of molecules, etc. 

4. X-ray analysis of the structure of organic crystals. 

5. Studies on the Raman effect in its various aspects, 
e.g., the measurement of the intensities of the scat¬ 
tered lines and of their polarizations and the influ¬ 
ence of electric field on them, their dependence on 
the frequency of the exciting light; applications of 
the Raman eftect to the study of chemical reactions 

and to the elucidation of the structure of simple 
molecules. 

6. Extensive studies, both theoretical and experimental, 
on the light scattering and X-ray diffraction by 
binary liquid mixtures, in relation to their consti¬ 
tution. 
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1. Magnetic Studies. 

In the last Report we gave a detailed account of some 
magne-crystallic measurements made in this laboratory. These 
measurements have been widely extended, and more than 
eighty single crystals, both diamagnetic and paramagnetic, have 
been studied by Messrs. Santilal Banerjee and Asutosh 
Mookherjee. A new method has been developed for the purpose, 
which is quite as simple and accurate as the oscillational * 
method previously adopted by us, but has the further advantage 

of being applicable to even such small crystals as weigh less 
than a milligram. 

The results of these magnetic studies are in course 
of publication in the Philosophical Transactions of the 
Royal Society, and a review of this work will appropriately 
belong to the next Report ; we will confine ourselves here 
to a few of the results which have already been published. 
Taking for example *-triphenylbenzene, earlier X-ray measure¬ 
ments suggested that all the benzene rings in the crystal are 
oriented parallel to one of the crystallographic planes, whereas, 
from a later and more complete X-ray analysis, Mrs. Lonsdale 
and Orelkin concluded that the benzene planes cannot all be 
parallel to one another. This point is easily settled by the 
magnetic measurements, which, besides confirming the latter 

conclusion, further enable us to calculate the actual inclinations 
of the benzene rings. 

The orientations of the CO s groups in ammonium bicar¬ 
bonate crystal have also been determined by Mr. Mookherjee 
in the same manner from the magnetic data, These data further 
show that the structure of the C0 3 group in this crystal is prac¬ 
tically the same as in the normal carbonates like calcite and 
aragonite. 

The magnetic measurements on single crystals of graphite 
by Messrs. B. C. Guha and B. P. Roy deserve special mention 
here. Graphite crystal occurs in nature in the form of thin 
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hexagonal plates. Some exceptionally well developed single 
crystals from Ceylon were available, and were found to exhibit 
remarkable magnetic properties. Whereas along directions in 
the cleavage plane of the crystal its diamagnetic susceptibility 
is only —0 4 to —Oox 10~ 8 per gm, that along the normal to 
the plane is abnormally large, being as high as — 22 x 10 -6 , 
i.e., more than 40 times the value in the former directions. 
This abnormal unidirectional diama gnetism can be traced to 
its peculiar structure, and some recent unpublished experi¬ 
ments by Mr. Ganguli throw interesting light on its origin. 

Solutions of Manganous Salts :—Some accurate measure¬ 
ments on the magnetic susceptibilities of aqueous solutions 
of manganous salts of different concentrations and at various 
tempertures, have been made by Mr. Akshayananda Bose. 
The special interest of these solutions is that the magnetic mo¬ 
ment of the Mn + + ion is due wholly to the spin moments of 
the electrons in its incomplete shell, their resultant orbital mo¬ 
ment being nothing. For such ions the theory is very simple: 
their susceptibilities should be inversely proportional to the 
absolute temperature, and the constant of proportionality can 
also be calculated theoretically. But curiously, the available 
experimental data on temperature variation of susceptibility of 
Mn ++ ions in aqueous solution do not conform to the theory. 

Bose’s measurements were undertaken with a view to 
explain this discrepancy. He finds that the susceptibilities of 
the manganous ions in aqueous solution do obey the inverse 
temperature law, and further that their absolute values are 
exactly as predicted by theory. 

2. Physics andChemistry of Crystals. 

Polarized absorption by single crystals .—One characteristic 
feature of organic crystals is that its constituent molecules 
retain their individuality, i.e., they are present in the crystal 
as separate entities. (This is not, however, the case with many 
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inorganic crystals.) This circumstance enables us to get an 
insight into the properties of individual molecules from 
a study of the corresponding properties of the crystal. In 
particular, those properties of the molecule which are strik¬ 
ingly different for different directions in the molecule, are 
conveniently studied in this manner. 

We shall take as an example the well-known cancer pro¬ 
ducing substance, 1, 2; 5, 6—dibenzanthracene. From X-ray’ 
studies on this substance, which crystallizes in the form 
of extremely thin flakes, I ball and Robertson of the Royal 
Institution of London, have fixed the structure of the molecule. 
It consists of five plane hexagonal rings arranged as in the 
figure, 


6 



The X-ray studies further show that in the crystal all the 
molecules of dibenzanthracene are orientated parallel to one 
another, with their long axes OA perpendicular to the 
plane of the crystal flake. Magnetic measurements made in 
this laboratory by Mr. Santilal Banerjee and the present writer 
also point out to the same conclusion. Thus in the plane ofthe 
crystal flake there are two mutually perpendicular directions 
one of which, say a, is parallel to the breadths OB of the 
molecules, while the other, say 6, is along the normal 
to the molecular planes. By allowing polarized white 
light to traverse the crystal, and analyzing the transmitted 
light with a spectroscope, it is found by Mr. P. K. Seshan 
and the present writer (1) that the positions of the absorption 
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bands for vibrations along the a and the b axes are 
practically identical, and are nearly the same as in the ab¬ 
sorption spectrum of dilute solutions of the substance. This 
is a further proof that the molecules in the crystal retain their 
identity. (2) Though the ’positions of a and b absorptions are 
identical, the a absorption is considerably more intense than 
b. It is thus plain that the molecule of dibenzanthracene is 
capable of absorbing vibrations along its width much more 
strongly than vibrations along the normal to their planes. 

A large number of aromatic hydrocarbons containing con¬ 
densed benzene nuclei and having more or less a plane stru- 
ture, have been studied similarly as single crystals for the 
polarization of their absorption bands, e.g., naphthalene, an¬ 
thracene, phenanthrene, chrysene, pyrene, fluoranthene, etc. 
The orientations of the molecules in these crystals are known 
from X-ray and magnetic studies. Interpreting the results 
in the same manner as before, we obtain the interesting result 
that in all these molecules light vibrations along the normal 
to the molecular planes are much less absorbed than vibrations 
in the plane. The former vibrations correspond also to a 
smaller refractive index. 

Orientations of parasitic molecules included in crystals: 
Conversely, in aromatic crystals for which the molecular 
orientations are not already knowu from X-ray or magnetic data, 
the above property can be conveniently utilized for obtaining 
information regarding the orientations of the benzene rings in the 
crystal lattice. This method has been used by us to find out the 
orientations of foreign molecules which are sometimes included 
as impurities in crystals. Taking for example the well-known 
substance anthracene, ordinarily pure crystals of this substance 
show three strong absorption bands at the blue end of the spec¬ 
trum, which are almost absent from very carefully purified 
specimens. The fluorescence cf ordinarily pure anthracene also 



VI ANNUAL REFORT FOR 1934. 

shows some extra bands as compared with that of specially 
purified specimens. According to Winterstein, these extra 
bands can be identified, from their positions, and from other 
evidence, as due to the presence of extremely small quantities, 
of the order of 1 part in a hundred thousand, of the compound 
naplitbacene. 

It would be of interest to find how the flat long molecules 
of this impurity are accommodated in the crystal lattice. The 
absorption measurements with polarized light supply a definite 
answer, and they show that the parasitic naphthacene molecules 
take up orientations practically parallel to those of the main 
substance. 

Inclusions of naphthacene in chrysene, and of fluorene in 
diphenyl, have also been studied, and we again find a similar 
parallellism in orientation of the impurity molecules and those 
of the main substance that accommodates them. 

Photo-dissociation of crystals : The theoretical explana¬ 
tion of the absorption spectra of organic crystals pre¬ 
sents serious difficulties in view of their complexity. 
From this point of view some of the inorganic salts are 
much simpler. Taking for example the nitrates, it is 
found that they all have two absorption bands, one very 
strong, having its long wave-length limit at about 235m /U , 
and the other, much feebler, having its long wave-length limit 
at 350 m/t. The fact that the positions of these two bands are 
practically the same in aqueous solutions, in the fused state, and 
in the solid state, suggests that the absorptions should be cha¬ 
racteristic of the nitrate ion. Following the explanation of 
Henri, Datta and others of the continuous absorption of some 
oxides, these two absorption bands have been attributed by Mr. 
A. C. Guha and the present writer to the photo-dissociation of 
the nitrate into the corresponding nitrite and an oxygen atom in 
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the normal and in the excited state respectively. Doing so we 
find that the long wave-length limits of the two absorption bands 
correspond to (1) a heat of dissociation of the oxygen molecule into 
two normal oxygen atoms, equal to 114 k. cals, per gm. mole¬ 
cule, which is in good agreement with 114 6 k. cals, obtained 
by other methods ; (2) an energy of excitation of the oxygen 
atom to its D level, equal to 43 k. cals, per gm. atom, as com¬ 
pared with 45 1 k. cals, obtained from spectroscopic data. 
That the value for these two quantities come out of the proper 
magnitude lends support to the photo-chemical origin of the 
bands suggested above. 

Accepting then the photo-chemical explanation for the 
absorptions in the crystalline state also, the observation made by 
Mr. Dasgupta and the present writer that in single crystals 
of sodium and potassium nitrates, in which the nitrate ions 
are all orientated prallel to one another, light-vibrations in the 
plane of the NO s ions are much more strongly absorbed than 
vibrations along the normal to the plane, immediately suggests 
that the former vibrations should be photo-chemically more 
efficient than the latter. This result has recently been verified 
by Mr. Narayanaswamy, who has studied tbe dissociation of 
other crystals also, under the action of polarized light. These 
experimental studies are in course of publication, and will be 
reviewed in the next report. 

3. Other Optical Investigations. 

Interference phenomena observed with crystal 'plates : 
Among other optical studies we should mention here an inter¬ 
esting interference phenonenon observed with crystal plates. 
The Haidinger rings obtained with a thin optically worked 
glass plate in mono-chromatic light are very familiar to stu¬ 
dents of physics. If instead of glass, a plate of mica is subs¬ 
tituted, due to double-refraction by the mica plate, there appear 
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two sets of elliptic rings, which are slightly differently 
spaced. These fringes were first studied in this laboratory by 
Mr. Chinmayanandam several years ago. Owing to this un¬ 
equal spacing the fringes will be very distinct in regions where 
they are exactly in step and indistinct in regions where they 
are out of step. These regions of maxima or minima of 
visibility lie on certain geometrical curves, which are the same 
as the regions of dark or bright bands observed with a plate 
of double the thickness under the microscope between crossed 
nicols. 

In these experiments of Chinmayanandam the incident light 
is monochromatic, and the variation in the path retardation 
introduced by the plate arises from the direction of observation 
being different for the different fringes. There is an inter¬ 
esting variation of this experiment, made recently by Mr. 
Sundararajan, viz., to allow polarized white light to be 
incident normally on the crystal plate and analyze the 
transmitted light after passing through a nicol with a spec¬ 
troscope. Here the actual distance traversed in the crystal 
is the same for all the wave-lengths, but the differences 
in optical path arise from variation of the refractive index 
with wave-length; so that the spectrum will be crossed by 
a number of bright and dark interference bands. Here 
again, due to the double-refraction of the plate, there will 
be two sets of fringes of different spacing, and conse¬ 
quently positions of maxima and minima of visibility, which 
again will be the same as the usual birefringence fringes obtained 
with a plate of double the thickness between crossed nicols. 
For the details, which are rather technical, the reader is refe- 
red to the original paper in the ‘'Indian Journal of Physics.” 

Optical constants of the naphthalene molecule : Any 
precise data for individual molecules are always of interest. 
The principal optical constants of some symmetric molecules 
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like oxygen, carbon dioxide, benzene, etc., have been calculated 
from their light scattering and refraction. When the 
molecule has no axis of symmetry, the calculation is difficult 
and requires a knowledge of other physical constants, e.g., 
electric or magnetic double-refraction. The constants for the 
naphthalene molecule have been calculated in this manner, 
and they are strikingly different for different directions in the 
molecule. For example, along the length of the molecule 

the optical polarizability is more than double that along the 
normal to its plane. 

Before closing this section on molecular optics we should 
refer to an interesting paper by Dr. P. Das in the ‘‘Indian 
Journal of Physics"; from certain simple structural considera¬ 
tions, Dr. Das has been able to calculate the screening constants 

of molecules, which agree with those calculated by more 
elaborate methods.. 

Thin Film* : Prof. Wood recently discovered some re¬ 
markable optical properties exhibited by thin films of alkali 
metals in the ultra-violet. These phenomena have been 
explained on the basis of the electron theory, but it was 
found that the number of effective electrons required for quan¬ 
titative explanation is less than the actual number. Mr. 
Mukhopadhyaya points out that the theory concerns with an 
extensive medium, and it is known that as the linear dimen¬ 
sions of the medium are gradually diminished so as to approach 
the mean free path of the electrons, the influence of the limiting 
boundaries is in effect equivalent to diminishing the number of 
electrons per unit volume. When this is taken into account, 
Mr. Mukhopadhyay finds that the discrepancy referred to above 
between the calculated and the observed values disappears. 

4 . X-Ray Analysis of the Structure of Organic Crystals. 

Investigations are also being carried on in the laboratory 
.on the structural analysis of organic crystals by X-ray methods 
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by Dhar, Guha and Mukhopadhyaya. We shall mention here 
only the recent analysis by Dhar of the structure of the inter¬ 
esting crystal dibenzyl. The molecule of dibenzyl is generally 
assigned, on the basis of chemical evidence, the structure, 


H H 



I I 

H H 


A preliminary X-ray study of this crystal was first made 
by Hengstenberg and Mark, who found that the molecule 
possesses a centre of symmetry. Magnetic studies by Banerjee 
gave some useful information on the orientation of the benzene 
rings in the crystal-lattice. From intensity measurements 
on reflections from about ten planes, Mr. Dhar obtained 
the following results. The six carbon atoms of each benzene 
ring form a regular hexagon, with its sides equal to 1*41 A*. 



One of the aliphatio carbon atoms, viz. 4 0, lies on the’prolonga- 
tion of the jine joining the atoms 4 and 1, and the other on the 
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line joining 4 ' and 1' (adopting the usual notation). The line 
joining C and C' makes with each of the above lines the usual 
tetrahedral angle of 109J°. The two benzene rings are prac¬ 
tically, but not quite, in the same plane. 

As regards the orientations of the molecules in the unit 
cell, it is found that the OX axes of both the molecules in the 
cell lie in the (010) plane, at 32° to *«’ axis in the obtuse angle P. 
The OY axes are inclined at plus and minus 60° respectively 
to the 6(010) plane. These orientations are almost the same as 
those given by the magnetic data. 

At about the same time, and quite independently, Dr. 
Robertson, working at the Royal Institution, London, with 
much more extensive data for the intensities of X-ray reflections 
has arrived at a different conclusion regarding the shape of 
the molecule. As before the atoms 4, 1 and O are collinear, as 
also the atoms C', 1/ and 4'; the angles at C and C' are also 
tetrahedral as before. But the plane containing the lines 4, 1, C 
and C', 1', 4' is perpendicular to the planes of the benzene rings 
instead of being parallel to the benzene planes as in Dhar’s 
model. The molecular orientations in the unit cell suggested 
by him are also naturally different from those obtained by Dhar. 

Using the more extensive experimental data of Dr. 
Robertson, Dhar finds that the configuration suggested by him 
fits with the new values almost, but not quite, as satisfactorily 
as Robertson’s molecule. Dhar's analysis has, however, the 
advantage of being in conformity with the magnetic results, 
whereas Robertson’s orientations definitely disagree with them. 

The work is being continued with a view to remove the 
discrepancy between Robertson’s results and Dhar’s. 
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List of Papers published during the year 1984. 

Indian Journal of Physios. 

1. Studies in Light-Scattering by Binary Liquid 
Mixtures : By S. Partbasarathy. 

2. The Principal Magnetic Susceptibilities of Graphite : 
By B. C. Guha and B. P. Roy. 

3. The Effect of Electric Field on the Polarisation of 
Raman Lines : By S. C. Sirkar. 

4. Oin the Dispersion of Polarisation of Raman Lines: 
By S. C. Sirkar. 

5. The Principal Optical Polarisabilities of the Naph¬ 
thalene Molecule : By K. S. Krishnan. 

6 . X-Ray Analysis of the Structure of Dibenzyl: By 
Jagattaran Dhar. 

7. On Molecular Screening Constants : By Panchanon 
Das. 

8. The Valency Angles of Oxygen and Sulphur: By 
N. Gopala Pai, 

9. A New Interference Phenomenon observed with 
Crystalline Plates : By K. S. Sundararajan. 

10. The Relative Intensities of the Raman and the 
Rayleigh Lines in Light Scattering : By Jagattaran 
Dhar. 
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Nature, 

11. The Magnetic Anisotropy of Graphite : By K. S. 
Krishnan. 

12. The Weiss Constant of Paramagnetic Ions in the 
S-State : By Akshayananda Bose. 

13. Crystal Structure of 1,3,5-Triphenylbenzene: By 
K. S. Krishnan and S. Banerjee. 

Current Science. 

14. The Valency Angle of Oxygen in Ethylene Oxide : 
By N. Gopala Pai. 

15. Photo-Dissociation of the N0' 3 Ion and its Depen¬ 
dence on the Polarisation of the Exciting Light- 
Quantum : By K. S. Krishnan and A. C. Guha. 

16. X-Ray Analysis of the Crystal Structure of 
Dibenzyl: By Jagattaran Dhar. 

17. Absorption Spectra of Single Crystals of Polynu¬ 
clear Hydrocarbons : By K. S. Krishnan and P. K. 
Seshan. 

18. Refractive Index of Thin Films of Potassium : By 
B. Mukhopadhyaya- 

Philosophical Magazine. 

19. The Raman Effect in Study of Chemical Reactions : 
By S. Parthasarathy. 

20. X-Ray Diffraction in Liquid Mixtures: By S. 
Parthasarathy. 

Proceedings of the Indian Acadavny of Sciences. 

21. Raman Effect in Selenic Acid and Some Selenates : 
By A. S. Ganesan. 

22. Absorption Spectra of Nitrates and Nitrites in 
Relation to their Photo-Dissociation: By K. S. 
Krishnan and A. C. Guha. 
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Physical Review, 

23. Large Artificial Crystals of Graphite: By K. S. 
Krishnan. 

24. The Orientations of the C0 8 -Groups in Ammonium 
Bicarbonate Crystal: By Asutosh Mookherjee. 

Zeit8chrift Jiir Kristallographie. 

25. Orientations of Impurity Molecules in Crystals: By 
K. S. Krishnan and P. K. Seshan. 

PART II. 

Administrative Report. 

Ow Research Workers. 

Facilities for research were provided during the year to 
28 research scholars from various parts of India. Mr. S. W. 
Chinchalkar, one of our research scholars was awarded the 
Doctorate Degree in Science of the Nagpur University for 
his work on magneto-optics. Mr. Jagattaran Dhar was 
appointed as acting Professor of Physics in St. Paul’s College. 

In addition to the usual colloquium lectures, courses of 
special lectures were delivered by the late Dr. Panchanon Das 
on Band Spectra, by Dr. Sukumar Chandra Sircar on 
Mathematical Crystallography, and by Dr. Satya Prakash on 
the Physics and Chemistry of Colloids. 

Lecture Arrangements. 

Regular courses of lectures in Physics and Chemistry 
for the benefit of students were delivered at the Association 
with the aid of our apparatus and demonstrators. 
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Laboratory Equipments. 

The following additions have been made during the year 
to our stock of Apparatus :— 

1. One Hartmann and Braun Zelton scale for galvano¬ 
meter. 

2. Three small achromatic objectives. 

3. Three Ramsden eye-pieces. 

4. Three micrometer eye-piece scales. 

5. One Baly absorption tube, 

6. One quartz-window lamp with spiral filament. 

7. One pair X-ray protective goggles. 

8. Two Bench type ammeters. 

9. One oil-immersed transformer, primary 150 volts, 
secondary 3000 and 5000 peak voltages. 

10. 16" Pressure gauge 4000 for liquid air machine. 

11. 1 Hilger photo-measuring micrometer with stainless 
steel slides. 

12. 1 Quartz Wollaston prism, 25 mm. x 25 mm. 

Workshop. 

The following apparatus were made during the year 
under report by the Mechanics in the Workshop of the Asso¬ 
ciation :— 

1. One safety red lamp with electric fittings. 

2. One vessel with electric motor driven stirrer. 

3. One pair solenoids. 

4. One pair angular, and one pair plane pole pieces, for 
electromagnet. 

5. One solid brass stand with two special boss heads. 

6 . One small rotating sector photometer. 

7. Three short-foous telescopes, with graduated circles 
(lenses purchased). 

8. Two special stands for the short focus telescopes. 
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9. One circular lamp and scale arrangement. 

10. One brass boss head special, 

11. Two air ovens with long burners. 

12. One X-ray tube stand. 

13. One X-ray target for Shearer tube. 

14. Twe search coils. 

15. One big size attracted disc electrometer. 

16. One pair brass disc electrodes for above. 

17. One pair brass electrodes for inhomogeneous field. 

18. An arrangement for mounting crystals on spectro¬ 
scope table. 

19. A set of six metal tubes for grinding crystals into 
spheres. 

20. Adapter for filling air at high pressure to cylinders 
from liquid air machine. 

21. Three torsion heads with graduated circles. 

22. One big size electromagnet. 

23. One apparatus fitted with electric motor for rota¬ 
tion and oscillation arrangement combined, for 
X-Ray crystal work. 

24. One crystal holder for testing pyro-electric effect. 

Besides the above instruments, several laboratory fittings 
repairing of instruments, and valve seats, and setting up 
pressure gauges of the liquid air machine were taken up and 
executed by the mechanics of the Workshop. 

Library and Reading Room. 

The following publications were subscribed for as usual:— 

1. Scientific American. 

2. Nature. 

3. Science Abstracts, A & B. 

4. American Journal of Science. 

5. Philosophical Magazine. 
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6. Astrophysical Journal. 

7. Proceedings of the Royal Society A. 

8. Proceedings of the Royal Institution of Great 
Britain. 

9. Transactions of the Royal Society A. 

10. Physical Review. 

11. The Review of Scientific Instruments. 

12. Physikalische Berichte. 

18. Zeitschrift fur Physik. 

14. Annalen der Physik. 

15. Physikalische Zeitschrift. 

16. Journal of the American Chemical Society. 

17. Journal of Physical Chemistry. 

18. Proceedings of the National Acedemy of Sciences, 

Washington. 

19. Zeitschrift ftir Physikalische Chemie, A & B. 

20. Zeitschrift fur Kristallographie A & B. 

21. Annales de Physique. 

22. Comptes Rendus. 

28. Chemical Abstracts. 

24. Revue de Optique. 

25. Science Progress. 

26. Naturwissenschaften. 

27. Journal of the Chemical Society of London. 

28. British Chemical Abstracts, A. 

29. Transactions of the Faraday Society. 

30. Zeitschrift ftir Astrophysik. 

The following is addition and in 

31. Journal of Chemical Physics. 

82. Physics. 

83. Review of Modern Physics, 
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We acknowledge with thanks the presentation of journals 
and periodicals iu exchange for our Proceedings from the 
following Societies and Institutions .— 

1. The Smithsonian Institution, Washington. 

2. Cambridge Philosophical Society. 

3. Physico-Mathematical Society, Tokyo. 

4. Manchester Literary and Philosophical Society. 

5. American Philosophical Society. 

6. University of Illinois 

7. Academic der Wissenschaften, Leipzig. 

8. The Franklin Institute, 

9. South African Association for the Advancement of 

Science. 

10. The Prussian Academy of Sciences, Berlin. 

11. University of Philadelphia. 

12. The Physical Society of France. 

18. Bureau of Standards, Washington. 

14. University of Iowa. 

15. University of Calcutta. 

16. Calcutta Mathematical Society. 

17. Indian Chemical Society. 

18. Beale Academia Nazionale die Lincei, Rome. 

19. Societe de Physique et D’Histori-Naturelle, Geneve. 

20. Bayrischen Academie der Wissenschaften, Munchen, 

21. Der Gesselschaft de Wissenschaften, Gottingen. 

22. Imperial Agricultural Institute, Pusa, 

23. The Asiatic Society of Bengal, 

24. The Indian Iustitute of Science, Bangalore 

25. The Geological Survey of India. 

26. Academy of Sciences, Cracow. 

27. University of Brazil. 

38. University de la Bruno. 

29. Academy of Soienoes, Leningrad. 
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30. University of Durham. 

81. Royal Academy of Sciences, Amsterdam. 

32. Imperial Academy, Tokyo. 

33. Royal Meteorological Society, London. 

34. University of Frankfurt-a-Main. 

85. Royal Dublin Society. 

36. Tohoku Imperial University. 

37. Institute of Physical and Chemical Research, Japan. 

38. Royal Academy of Sciences, Copenhagen. 

39. Kodaikanal Observatory. 

40. College of Science, Kyoto. 

41. National Research Council, Japan. 

42. Academy of Sciences, Vienna. 

43. Society Chimique, Zagreb. 

44. Hungary University (Szeged). 

45. Ungarische Akademie, Budapest. 

46. American Chemical Society (Industrial & Engineer¬ 
ing Chemistry, Industrial Edition). 

47. Della Societa Italianna di Fisica. 

48. Societe de Chimie-Physique, Paris, 

49. Mathematikaies Physikai Akademia, Budapest. 

50. National Physical Laboratory of London. 

51. Nederlandsch Tijdschriit Voor Naturkunde. 

52. Physical Society of London. 

53. Comite de Revue General des Science, 

54. Editor of ‘Physique Theorique', 

55. University of Upsala. 

56. University of California. 

57. Wissenschaftlische Veroffentlischungen aus dem 
Siemens Konzern. 

58. Societe Polanaise de Physique, Warszewa. 

59. Societo Vaudoise des Sciences Naturelles, Lausanne. 

60. United States Department of Agriculture. 
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61. The Editor of ‘Terrestrial Magnetism and Atmos¬ 
pheric Electricity’. 

62. De L’ Institute Pasteur, Paris. 

68. Swiss Physical Society. 

64. Canada Geological Survey. 

65. Society Polonaise des Naturalistes Kopernik. 

66. Deutschen Naturwissenschaftlich-Medlizinescheu 
Verein fur Bohmen “Lotos” (Prag). 

67. The Instituteof Physics, London. 

68. The National Research Counoil, Washington- 

69. The Chinese Chemical Society. 

70. National Tsing Hua University, Peiping. 

71. The Shanghai Science Institute, Shanghai. 

72. The Editors, Current Science. 

78. The Massachusetts Institute of Technology, Cam¬ 
bridge, Massachusetts. 

74. The Marine Biological Laboratory, Lancaster Pr. 

75. The Royal Society of Canada, Ottawa. 

76. The American Institute of Physics, New York. 

77. Institut des Recherches Biologiques, Saimka, Perm. 

78. Societatii Rqmane de Fizica, Bucarest. 

79. Societatis Scientiarum Fennica, Gelsingfors. 

80. Natur und Yolk, Frankfur a,M. 

81. The Aoademy of Sciences of the U. S. S. R. (For 
“Bulletein of the Far Eastern Branch of Academy 
of Sciences of the U. S. S. R.” & “Physikalische 
Zeitschrift der Sowjetunion”. 

82. Tokyo University ef Literature & Scienie, Koishi- 
kawa, Tokyo. 

83. The Indian Academy of Sciences, Banglore. 

84. University of Leiden. 

85. Technical Physics of the U. S. S. R, (Leningrad), 



ANIHJAIi REPORT FOR 1934 . 


XXI 


List of Books purchased during 1934. 

1. The Metallic State—By W. Hume Rothery. 

2. The Covalent Link in Chemistry—By Sidgwick. 

3. The Crystalline State—By Sir W. H. Bragg & 

W. L, Bragg. 

4. The Theory of Atomic Collisions—By Mott & 

Massey. 

5. Resonance Radiation & Excited Atoms—By Mitchell 
& Zemansky. 

6. Molekulstruktur—By H. A. Stuart. 

7. Grundlagen der Photo-Chemie—By Bonhoeffer 8c 

Harteck. 



OBITUARY. 


It is with a deep sense of regret and sorrow that we 
announce the loss the Association has sustainded by death of 
the following members. 

1. Dr. Ganesh Prasad, D.Sc. 

Vice President. 

2. Dr. S. K. Mookerjee, D.Sc. 

Member of the Committee of Management. 

3. Dr. Panchanon Das, D.Sc. 

Life Member. 


-o- 

Number of Members. 

At the commencement of session, we had 126 Life 
members, 9 Ordinary Resident and 8 Ordinary Non-resident 
members. Total 143. 

At the end of the session we had 123 Life Members, 
8 Ordinary Resident and 7 Ordinary Non-resident members, 
Total 188. 


Meetings. 

During the session under review, besides the Annual 
General Meeting, 12 Meetings of the Committee of Manage¬ 
ment were held. 
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Financial Statement 

During the year nnder report, the Government of India 
continued their grant of Rs. 20,000/- less 5% in aid of an 
scientific researches and our grateful thanks are due to them. 


Government Securities in Bank—31st December, 1934. 


Rs. a. p. 


General Fund 
Veharilala Mitra Fund 
Nikunja Garabini Prize Fund 
Jatindra Ch. Prize Fund 
Joykissen Medal Fund 
Woodburn Medal Fund 
Dr. Sircar Research Medal Fund 
Mahendralal Sircar Memorial Research 
Professorship Fund 
Floating Balance in the Bank 
Cash in Office 


81,100 0 0 
1,32,000 0 0 

500 0 0 
600 0 0 
9,000 0 0 
500 0 0 
3,000 0 0 

1,47,200 0 0 
26,682 5 10 
1,251 1 6 


Government Securities in Bank 31st December, 1933. 


General Fund 
Veharilala Mitra Fund 
Nikunja G. Prize Fund 
Jatindra Chandra Prize Fund 
Joykissen Medal Fund 
Woodburn Medal Fund 
Dr. Sircar Research Medal Fund 


Mahendralal Sircar Research Memorial Professor- 


81,100 
1,32,000 
500 
600 
9,0OJ 
500 
3,000 


0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 


ship Fund ... ... 1,47,200 0 0 

Floating Balance in the Bank ... 1,665 0 9 

Cash Balance in the office ... 906 0 0 


Achn owledgmen ts. 

The thanks of the Association are due to the Honorary 
Engineer Mr. J. N. Mukherjee, the Honorary Legal Advisers 
Babu Nirmal Chunder Chunder and Babu Jyotish Chandra 
Pal, the Honorary Secretary Dr. S. K. Mitra for their gra¬ 
tuitous services, the University of Calcutta for printing Indian 
Journal of Physics free of charges, and the' Corporation of 
Calcutta for exemption of Municipal Taxes. 
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Balance Sheet 
Liabilities <6 Funds. 


General Fund 
Investment Reserve Fund 
Depreciation Reserve Fund ••• 
Government of India Grant ... 

Joykissen Medal Fund 
Woodburn Medal Fund 
Dr. Sircar Research Medal Fund 
Nikunja Garabini Prize Fund 
Jatindra Chandra Prize Fund 
Veharilala Mitra Fund 
Building Fund 

Mahendralal Sircar Memorial Research 
Professorship Fund 
Employees’ Provident Fund 
Joykissen Medal Fund Interest 
Woodburn Medal Fund Interest 
Dr. Sircar Research Medal Fund Interest 
Nikunja Garabini Prize Fund Interest ... 
Jatindra Chandra Prize Fund Interest ... 
Suspense 


Rs. AS. p. 

2,21,272 10 8 
35,764 0 0 
1,50,034 10 3 
15,018 4 0 
9,000 0 0 
500 0 0 
3,000 0 0 
500 0 0 
600 0 0 
1,00,000 0 0 
7,580 0 0 

1,64,500 0 0 
6,922 4 0 
2,544 0 0 
299 0 0 
1,365 0 0 
386 9 2 
270 11 0 
9 5 0 


Rs. 7,19,566 6 l 


Examined and found correct. 
S. N. Mukherji, R.A.. 
Incorporated Accountant, 
and Auditer. 
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as at 31st December , 1934- 
Property d Assets. 

Land & Building 
Leoture Hall Sc Gallery 
Vizianagram Laboratory 
Observatory Room 

Range of Shops (East) 

„ .» (West) 

Servants’ Quarters 
Durwan’s Quarter 

Scientific Instruments (K. K. Tagore Fund) 

„ „ (General Fund) ... 

Botanical Instruments 
Workshop Instruments 
Tools & Implements 

Furniture 

Library 

Suspense Establishment 

Investments in G. P. Notes (At Face Value) 
General Fund 

Veharilala Mitra Fund 
Nikunja Garabini Prize Fund 
Jatindra Chandra Prize Fund 
Joykissen Medal Fund 
Woodburn Medal Fund 
Dr. Sircar Research Medal Fund 

Mahendralal Sircar Memorial Research- 
Professorship Fund 

Balance at P. O. Savings Bank 
„ „ Imperial Bank of India 

,, ,, Office »«» ... 


Rs. A8. P. 
31,680 11 9 

23,465 5 3 

40,900 14 0 
3,320 9 9 

2,516 10 9 

2,308 5 0 

1,024 0 0 

303 18 9 

25,000 0 0 

90,597 5 2 

2,329 6 O 

9,861 5 9 

209 11 8 

17,712 12 3 
55,037 9 1 

9,243 15 u 

81,100 0 0 
1,32,000 0 0 

500 0 0 
600' 0 0’ 
9,000 0 0 

500 0 0 

3,000 0 0 

1,47,200 0 0 
2,220 8 0 
26,682 5 10 
1,2 to l O 


• Rs. 7,19,566 6 1 


S. K. Mitra, 

Honorary Secretary. 
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Statement of Accounts for 1934. 
Receipts and Payments for 


Receipts 

Rs. AS. p. 


Suspense 

• • • 

17.595 

6 

0 

Provident Fund 

• •9 

2,733 

15 

11 

P. 0. Savings Bank withdrawn 

• • • 

60 

0 

0 

Subscriptions 

• • • 

369 

0 

0 

Rent from shops 

• • • 

4,354 

0 

0 

Miscellaneous Receipts 


940 

12 

9 

Sale of Publication 


1,778 

12 

6 

Advertisement Receipts 

• • . 

77 

12 

0 

Old Material Sold 

Mahendralal Sircar Memorial Research 

• «« 

6 

8 

0 

Professorship Fund 

Interest Account: 

• • # 

300 

0 

0 

Joy Kissen Medal Fund 

• • • 

315 

0 

0 

Dr. Sircar Research Medal Fund 

• • • 

105 

0 

0 

Woodburn Medal Fund 

1 • • 

17 

8 

0 

Jatindra Chandra Prize Fund 

• • • 

21 

0 

0 

Nikunja Garabini Prize Fund 

• • • 

17 

8 

0 

General Fund 

• • • 

12,691 

5 

0 

Government of India Grant 


36,000 

0 

0 

Imperial Bank of India withdrawals 

• t# 

48,138 

14 

5 

Opening Balance on 1-1-34 

• • # 

906 

0 

0 


1,21,428 6 7 


Examined and found correct. 

S. N. Mukherji, R.A., 

Incorporated Accountant, 
and Auditor, 
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the year ended 31st December i 1934, 

xxvii 

Expenditure 


Rs. AS. 

p. 

Suspense Account—Staff Income-Tax 

550 

6 

0 

Provident Fund—S. Ramiah Paid Off 

180 

0 

0 

P. 0. Savings Bank Deposited 

1,393 

7 

11 

Commission Account: 

General Fund 

39 

5 

0 

Nikunja Garabini Prize Fund 

... 0 

3 

0 

Establishment 

... 7,596 

9 

0 

Municipal Tax 

685 

12 

0 

Electric Charges 

1,827 

12 

3 

Gas Charges 

326 

2 

6 

Telephone Charges 

277 

8 

8 

Workshop Charges 

1,480 

7 

0 

Electric Accessories 

310 

13 

0 

Electric Installation 

441 

1 

6 

Building Repairs 

2,539 

11 

3 

Printing Charges 

2,461 

10 

3 

Postage & Telegrams 

1,306 

5 

0 

Miscellaneous Expenses 

1,965 

12 

9 

Research Scholarship 

5,715 

6 

0 

Laboratory Charges 

4,301 

7 

9 

Suspense Establishment 

9,243 

15 

0 

Contribution to Staff Provident Fund 

••• 1,190 

8 

0 

Scientific Instruments—General Fund 

2,638 

7 

9 

Tools & Implements 

... 6 

8 

0 

Furniture 

1,938 

3 

0 

Library 

3,608 

11 

0 

Imperial Bank of India (Remittances) 

... 68,156 

3 

6 

Cash Balance as on 31-12-34 

1,251 

l 

6 


1,21,428 

6 

7 

S. K. Mitra, 

• 

—- 

Honorary Secretary 
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